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ABSTRACT
MODIFICATION OF NITINOL
NICKEL AND TITANIUM OXIDES
WITH SELF-ASSEMBLED MONOLAYERS AND POLYMERS
FOR CORROSION MITIGATION IN BIOMATERIAL APPLICATIONS

By:
Rosalynn Quiñones-Fernández
July 2008

Dissertation Supervised by: Dr. Ellen S. Gawalt
For the first time Self-Assembled Monolayers (SAMs) were formed on nitinol
and characterized. Factors which can affect the formation of SAMs such as head groups,
chain length, and tail groups were varied and analyzed to form the most stable and
strongly adhered monolayer on the surface. Since an alloy is being studied, the formation
of SAMs was also studied on nickel and titanium oxide, the components of the nitinol
surface. After data was collected by infrared spectroscopy (IR), atomic force microscopy
(AFM), matrix-assisted laser desorption ionization mass spectrometry (MALDI), and
contact angle measurements on the modified substrates. In the long term, the formation of
strongly adhered self-assembled monolayers may form an effective interface between the
biomaterial, nitinol, and the human body.
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Chapter 1
Introduction

1.1 Introduction
In 1935, Langmuir published his first work on the study of two-dimensional
systems of molecular films at the gas-liquid interface.1 The Langmuir-Blodgett (LB) was
the first technique to provide the capability to construct ordered molecular assemblies.1-4
However, the process to form LB films can be difficult due to the expense of the
equipment involved and the need for meticulous control of atmospheric, temperature,
humidity conditions in the laboratory.5 Over the last 30 years, self-assembled
monolayers (SAMs) of octadecyltrichhlorosilane (OTS) were introduced as a possible
alternative to LB systems.4 Subsequently, self-assembled monolayers (SAMs) have been
utilized to form organic thin films on surfaces by immersion,6-11 vapor deposition12, 13 or
aerosol spraying10, 14-16 on an appropriate substrate with a variety of organics such as
thiols and organic acids.8, 10, 17-32 The major limitation with the self-assembly process is
that multilayer films are possible, in contrast to LB films where the monolayer formation
is controlled by using constant surface pressure.
A SAM can be divided into three parts: head group, alkyl chain and terminal
functional group. (Figure 1.1) The head group provides the chemisorption on the solid
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surface. The affinity of the molecule for the surface is dependent upon its interaction
with the active site on the surface, such as the hydroxyls or µ-oxo oxygen groups. This
part of SAM formation is an exothermic and spontaneous reaction between the head
group and the binding sites on the surface.5 The alkyl chains contribute to SAM
formation and stability through van der Waals interactions. Therefore, an ordered,
densely packed film with highly oriented molecules is expected with long alkyl chains
that can contribute significantly to the energetic stability of the film and offset the
entropic penalties of film formation. However, when a bulky head or tail group is used to
form SAMs, the packing density of the film can be lower and the alkyl chains can be
pushed away from each other and the van der Waals contribution is minimized. In this
scenario, the alkyl chains are disordered and contain gauche interactions. 33, 34
Additionally, tail group functionality can be varied to affect SAM formation and stability,
and change the surface from being hydrophilic to hydrophobic. Different functional
groups are amines,35-41 methyl,8, 9, 14, 16, 28, 37, 42-44 carboxylic acid, 11, 14, 15, 24, 30, 37, 45, 46 and
hydroxyls.24, 28, 37, 42, 43, 47, 48 Other intermolecular interactions can be detected among the
tail groups, such as hydrogen bonding networks and dipole interactions.19, 39, 49-52
However, if the tail and the headgroup are hydrophilic, then the two can adsorb on the
metal oxide surface or with each other.46 This can lead to multilayer film formation.
Therefore, in order for monolayer formation to be successful, the interactions and identity
of the head, tail and alkyl chain length must be carefully chosen and their effects
analyzed.
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Figure 1.1 (a) Schematic of a SAM. Shaded circles indicate chemisorb headgroup, where open circles
endgroups, which can be chosen from variety of chemical functionalities. (b) Schematic of different
energies. ΔEads stands for adsorption energy, ΔEcorr corrugation of substrate potential experienced by
molecule, ΔEhyd van der Waals interaction of the alkyl chain, and ΔEg energy of gauche defect or disordered
films.53

In 1983, Nuzzo and Allara published the first paper using dialkylsulfides to form
SAMs on gold.54 Alkanethiols on gold have been utilized in model systems for various
purposes, including corrosion resistance,48, 55, 56 adhesion,57, 58 and biosensors.59-61 Thiols
generally do not adhere to metal oxides or are easily removed by rinsing. Alkanethiols
are frequently used to study SAMs on gold because of the strong S-Au bond, which
generates densely packed arrays of Au thiolates that have an average tilt angle of 27- 48º
from the normal of the surface.7, 19, 21, 48, 59, 62-67 However, the formation of well-ordered
and strong alkanethiol monolayers has been limited to metal oxide surfaces.68
Researchers have used long-chain organic acids (carboxylic, sulfonic, hydroxamic,
phosphonic) on some metal oxides, but these acids have been studied far less than
alkanethiols on gold.16, 25, 27, 28, 69-71 Some examples of spontaneous adsorption of long
monolayers on metal oxides are carboxylic acids on copper,23, 72aluminum, 17, 70, 73 and
stainless steel oxides.8, 9, 74, 75 Phosphonic acids have been used to form robust and
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ordered films on relatively inert oxide surfaces, such as titanium and stainless steel.8, 16, 24,
26, 27, 71, 76

Aside from these systems, new and innovative combination of monolayers and

surfaces have been created and analyzed.27, 44, 48, 60, 61, 77-93 For example, organic thin
films have been made that contain benzene, polymers, intramolecular unsaturated chains,
salts, gradient surfaces, proteins and carbohydrates on a variety of surfaces.27, 44, 48, 60, 61,
77-93

The development of advanced analytical tools for the study of thin organic films
has been reported over the last decade.15, 25, 42, 46, 49, 94-105 Infrared spectroscopy is a
routine tool for the study of molecular packing and orientation of organic thin films.
Snyder et al. reported that the packing of polyethylene lead to higher stretching
frequencies as the length of the alkyl chain decreased.106, 107 Specifically, Snyder et al.
have reported 2920 cm-1 for the νCH asym mode in crystalline polyethylene, which is 8 cm-1
lower than the peak position for polyethylene in the liquid state (2928 cm-1).106 They also
reported that 2850 cm-1 is the wavenumber for νCH sym in crystalline polyethylene, which
is 6 cm-1 lower than the peak value in the liquid state (2856 cm-1). These results have
been verified using FTIR on monolayers and thin films.9, 16, 17, 21, 28, 32, 44, 64, 66, 108 Due to
the ease of analysis, the correlation between CH2 symmetric and asymmetric stretching is
the most common method of determining alkyl chain ordering. Changes in order have
been found to be due to variations in interactions between the different functional groups,
chain length and surfaces.8, 9, 16-18, 21, 23, 28, 44, 46, 56, 57, 66, 70, 73, 108
Condensed (ordered) films contain rigid molecules due to more energetically
favorable interactions between alkyl chains of each molecule and the molecules resulting
in a closely packed monolayer.(Figure 1.2) Alkyl chains in condensed films have all

4

trans or anti conformations. Tail-tail interactions of the molecules can be strong and aid
in aligning the molecules such as by van der Waals and hydrogen bonding interactions.
In dilute (disordered) films the alkyl chain may have mobility with in the film and weaker
adhesion to the surface. (Figure 1.2) Alkyl chains in dilute films (disordered monolayers)
contain gauche or cis conformations.
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Figure 1.2 How SAMs can be organized on a solid surface: ordered (solid-like) or disordered (liquid-like)
or looping.

One of the instruments commonly used to analyze the wettability on the surface is
the contact angle goniometer.8-10, 14, 15, 39, 40, 109, 110 The wettability of the surface relates to
the quality of stable organic thin films.5, 20 This is due to the fact the shape of a liquid
drop on a planar, homogenous surface is affected by the free energy of the interactions
between the liquid drop at the surface.111, 112 When a liquid does not wet a surface
completely it forms a droplet, an angle θ results, which is the contact angle between the
surface beneath the droplet and the tangent to the surface. (Figure 1.3) The angle of a
drop is the result of the balance between the cohesive forces in the liquid and the
adhesive forces between the liquid and the solid.5, 34 If there is no interaction between the
liquid and the solid, the contact angle will be 180° (ultrahydrophobic) and as the
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interaction increases the liquid drop spreads until θ = 0°.113-115 Usually, the contact
angles of methyl terminated group closely packed SAMs from a smooth solid surface
with water are θ = 105-115º.8, 16, 17, 21, 28, 32, 66, 116, 117 Different techniques can be used to
measure the contact angle, but the most common method is the sessile drop.5, 21, 66 In the
sessile drop, a image is recorded after the liquid drop becomes stationary on the
surface.118 In the captive drop method, a needle has to be kept in the drop and if the drop
falls, the contact angles values becomes lower and therefore, not accurate. Variability in
contact angles may arise due to surface roughness, because it is difficult to compare
surfaces that have similar compositions, but different degrees of roughness.113, 119
Ideally, the solid surface should be smooth to apply the theory of the contact angles and
wetting. If the surface is rather rough, the apparent contact angles will be affected by the
thermodynamics and kinetics associated with such structures.34 For example, if the
“true” contact angle of a liquid is less than 90° on the smooth surface, the angle will be
even smaller on a rough surface. For a true contact angle higher than 90°, roughness
could increase the apparent contact angle. 34, 113, 119
For disordered monolayers the contact angle decreases as the methylene groups
are more exposed to the surface.5 Therefore, as the alkyl chain length is reduced contact
angles tend to vary. The contact angle measurements are taken on different areas of the
surface at least three times and an average of the values are calculated.
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Figure 1.3 Liquid drop in a solid surface using the sessile drop. Methyl terminated group was used in this
image.

An important tool to analyze the surface of thin organic films is the atomic force
microscope (AFM). AFM can measure the morphology and properties of surfaces on the
atomic scale of a wide variety of samples.120 These include Langmuir-Blodgett (LB)
films,22, 29, 121, 122 SAMs,6, 123, 124 polymers,125-127 and biological materials.122, 128-130 Also,
this microscopic technique can be used to measure topography, and surface hardness at
the nanometer scale. AFM, in contrast to scanning tunneling microscope (STM), can
image both conductor and nonconducting surfaces with atomic resolution.131 AFM
operates by measuring the forces between the sample and the probe. These forces are
highly dependent on the nature of the sample, the spring constant of the probe, the
distance between the probe and the sample, and any contamination on the sample
surface.131 There are two common modes in AFM imaging; contact and noncontact
modes which, if either are known as tapping mode. In contact mode, the tip is in direct
contact to the surface and the repulsive forces can be measured due to the interatomic
forces that induce bending of the cantilever. This bending is detected by a laser beam
that is reflected off the back of the cantilever on the photodiode. This mode also is
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known as the repulsive mode.120, 131, 132 In noncontact mode, the van der Waals
interactions act between the tip and the sample and the tip is oscillating close to its
resonance frequency during the scans. The advantage of the noncontact mode is that the
sample is not damaged during the scan. However, the resolution is lower than in contact
mode.131-133
SAMs are ideal for AFM studies because the modified surfaces are smooth,
structurally ordered and chemically defined at the microscopic scale.130 The AFM is used
to obtain the film height of adsorbed molecules on surfaces. The roughness analysis on
the two-dimensional topography image was based on a calculation of the standard
deviation of all height values within the given imaged area (root-mean-square-roughness
(rms)).8 Besides this method, using contact mode the surface can be scratched with either
an AFM cantilever or a sharp needle in a defined area to reveal the bare surface removing
the modification and the film height is subsequently measured. However, if the needle
goes deep on the surface it can remove a deeper on the surface to an inner layer. The
AFM images also give information about the roughness of the bare surface, the
completeness or formation of micelles (defects) created by the SAMs modifications on
the surfaces. As the SAMs structure becomes disordered, weaker van der Waals
interactions are observed between the tip and the surface and therefore, the tip is able to
penetrate deeper into the monolayer accompanied by an increase in contact area.124
Electrochemical techniques like cyclic voltammetry (CV) and impedance
measurements (EIS) are easy techniques for monitoring monolayer characteristics.7, 56, 62,
63, 134, 135

EIS is an effective method of determining a film’s protective properties by

measuring the resistive and capacitive characteristics of the coating. It has been widely
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used to evaluate the barrier properties of SAMs.136, 137 Organic films confined to
electrodes can affect charge transfer resistance (Rct), interfacial capacitance, as transport
of reactants to the electrode surface and, the apparent heterogeneous, rate constant for
electron transfer (k°).138 These electrochemical studies also provide useful information
about the distribution of defects like pinholes, redox property of attached groups
(ferrocene, and simple bipyridine molecules), kinetics and mechanism of monolayer
formation, and quantitative estimate of coverage.7, 56, 62, 137, 139 Similarly, impedance
measurements can provide valuable information about the kinetics of monolayer
formation, and a rough estimate of the dielectric constant of the film is also possible.63,
139, 140

The impedance technique is especially well-suited for studies on thin films

because the very small ac perturbation causes only minimal changes in the coverage or
the structure of the film compared to cyclic voltammetry analysis in which can occur
electrochemical reactions at the interface.55, 63, 138, 141, 142
EIS data can be graphed using a Nyquist diagrams which is plotted of Z’’ (imaginary
part of the impedance) versus Z’ (the real part of the impedance). Each point represents
the values of the Z’ and Z’’ at specific frequency. For a reversible reaction at a solid
interface, these plots typically exhibit two important regions: a semicircle at high
frequencies, which describes the faradaic electron transfer process and a straight region at
lower frequencies, which depicts the diffusion limited transport of the redox species from
the electrolyte to the electrode interface.132, 133, 143 The Rct is expected to increase due to
the inhibition of the electron transfer by the organic film present on the electrode surface.
In the Nyquist plot, the protection efficiency or the approximate film surface coverage
can be calculated as well other useful electrochemical data using the reference of the
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charge transfer resistance (Rct). Further details of the charge transfer resistance are
explained in more details in Chapter 5.
These techniques have been used to study corrosion inhibition systems which utilize
thin films. For example, gold is the most common noble metal used to be modified with
thiols SAMs and these systems are well-known for corrosion protection.7, 55, 56, 62, 63, 142-145
However, noble metals are not used for engineering applications, and thiols are toxic and
have a strong odor. Therefore, researchers have been trying to find other environmental
friendly molecules which can have the same or even better corrosion protection than
thiols such as long organic acids on metal oxide surfaces.22, 29, 137, 146-149 One of the first
metal oxide surfaces modified using thiols was copper.150 The oxidation barrier by the
SAMs was studied using XPS analysis.150 In this report, it was demonstrated that the
ability of SAMs to control the oxidation on the copper surface as the length of the
molecules was increased and subsequently, the thiols also were oxidized in the process to
sulfonates.150 Phosphonates are anodic inhibitors which protect steel mostly in neutral
and slightly alkaline solutions and also these compounds are less toxic.146 Moreover,
phosphonic films exhibit outstanding corrosion protection by EIS analysis which
indicates a large charge transfer resistance (Rct) from a blocking effect on the surface.146
The blocking behavior attributed to SAMs is due to the densely packed structure of the
alkyl chains which impede the approach of solution ions and molecules to the electrode
surface.55, 142 However, pinholes and other defects can be observed after long periods of
time which permit a close approach of solution species and therefore the protection
efficiency of the film decreases and SAMs can not behave as a pure capacitor.139, 151
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1.2 Applications of SAMs
The control of surfaces impact systems such as biomaterials, electronic devices,
chemical or biological sensors.59, 152 SAM systems can be used as a protective coating
for electronic applications, due to their ability to control the corrosion that can reduce
performance and device lifetime on metal surfaces, such as copper, iron, and nickel.29, 69,
137, 139, 147, 148, 153-156

Control of wetting properties is an advantage in the areas of

biocompatibility, friction and lubrication. Moreover, mixed monolayers can be tailored
on the nanometer scale by photopatterning, microprinting, and electrochemical
treatments.40, 59, 61, 80, 157-159 SAMs can also be easily functionalized with polymers, DNA
and carbohydrates by reaction at the interface of the organic monolayers.85, 86, 160, 161 The
tail groups presented at the interface can be reactive and available to participate in
organic reactions.
One potential application of SAMs is to mediate the interaction between a
biomaterial and the human body. The science of biomaterials is defined as “the study and
knowledge of the interactions between living and non-living materials,” and a biomaterial
as “a material intended to interface with biological systems to evaluate, treat, augment or
replace any tissue, organ or function of the body”.162 Biomaterials are in contact with
tissue fluid, blood and other body fluids for long periods of time.163 Many different types
of materials, including polymers,92, 159, 164 ceramics,165 and metals74, 166-168 have been used
for biomedical applications. These materials have to be physiologically useful,
economically viable, and non-toxic to the human body. Prostheses, implants, and
medical tools are some examples of biomaterials. Biomaterials are generally constructed
of metals, ceramics, or plastics.163 The two main factors that determine the
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biocompatibility of a material are the host reaction induced by the material and the
degradation of the material in the body. Certain physical, chemical, and mechanical
properties render some materials more desirable than others for biomaterials. Some of the
chemical properties are corrosion and fatigue resistance.169 The corrosion resistance
relies on the presence of a passive layer on the surface.170 However, breakdown of the
passive layer can occur both during surgery and in service life. When a biomaterial is
implanted, electrochemical reactions also take place inside the body which may lead to
structural and mechanical degradation of the device. Metal ions originating from these
processes can cause problems in the human body that can be toxic for surrounding tissues
and living cells.166, 169, 171 Therefore, if the implant fails it has to be removed by revision
surgery and replaced with a new implant.
Biomaterial development has focused on creating adhesion resistant interfaces as
a solution of protein fouling, bacterial infection and physiologically reactions.130, 169
First, if the adsorbed proteins are unable to maintain their native structures and in turn
will cause adverse reactions such as the formation of fibrous capsules adjacent to soft
tissue implants or blood clots inside synthetic vascular grafts.130, 172 Also, protein fouling
of biomaterials renders biomaterials susceptible to colonization and infection by
bacteria.130, 169, 173, 174 Therefore, a variety of alternatives have been developed to modify
the tissue-implant interface.128, 130, 152, 160, 164, 174-176 One approach to modify the
biomaterial interface could be using SAMs at the interface and then react different
functional groups with the tail group such as polymers, biological active molecules,
therefore creating a boundary which can be controlled.176
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1.3 Metal Oxide Surface
Nitinol (nickel–titanium alloy, NiTi) was first used for medical purposes in the
early 1970s177-183 In the early 1980s, nitinol was used for orthodontic devices. However,
in the 1990s, the first commercial stent constructed of nitinol was sold.178-180 After that,
nitinol (NiTi) was commonly used in medical tools, orthopedic, and implants devices,
because it has important properties that make it a desirable biomaterial.166, 181, 182 The
surface of untreated nitinol is composed of oxygen (in metal oxides), carbon, titanium
and nickel.179
Thermal shape memory,178, 182, 183 superelasticity,178, 179, 183, 184 and good damping
properties183 are some of the material properties that make this alloy unique compared to
ordinary implant metals.8-10 Nitinol is a shape memory metal, meaning the crystal
structure changes between martensite and austenite structures166, 179 based on the
temperature. When nitinol is at a low temperature(< 70°C), it has a martensite structure,
and when heated, it changes to an austenite structure.170, 185 An idealized sketch of the
hysteresis loop is shown of Figure 1.4. The phase transformation is characterized by
temperatures corresponding to the start and finish of the transformation into the austenite,
As and Af and by temperatures corresponding to the start and finish of the transformation
into the martensite, Ms and Mf. The width of the hysteresis loop is typically 20-50°C.
The martensite form of NiTi is soft and easily deformable, which makes it a valuable soft
tissue implant, such as arterial stents. When heated to its higher temperature form, it is
more rigid,180, 186 which is useful during machining and fabrication of the implants. Thus,
the thermal shape memory property, which makes the material able to convert to a
preprogrammed shape, allows for optimal material properties during fabrication,
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implantation, and use of the implant. (Figure 1.4) 178, 179, 186, 187 This physical property of
nitinol is an advantage in the biomaterial field because it can be used in orthodontic
archwires and orthopedic implants, where high compressive forces are often required as
well high temperatures when they are manufactured.167, 187

B.

A.

Figure 1.4 (a) The nickel-titanium ratio tunes the temperatures at which the high-temperature austenite
phase, which has the CsCl structure, and the low-temperature martensite phase, which has a monoclinic
structure, interconvert, (b) Hysteresis loop associated with the NiTi phase change. There are two sets of
transition temperatures: As and Af (the start and end of the transition into the austenite), and Ms and Mf (the
start and end of the transformation into the martensite).178, 188

The term “superelasticity” refers to the ability of a material to undergo large
elastic deformations in isothermal conditions through a mechanism involving some
stress induced martensite.178 Nitinol elasticity can be ten times more than the elasticity of
the best stainless steel used in medicine today.179, 186, 189 For example, the superelasticity
of the NiTi material allows the stent to expand tightly against the vascular lumen upon
deployment, and as a result, minimizes the vascular damage, which can lead to restenosis
or other health problems.126, 179, 190 The stress-strain behavior of nitinol is different from
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conventional materials, such as stainless steel, as observed in Figure 1.5. Stainless steel
has a elastic limit of < 0.5 %.178, 179, 189 Further strain will achieve by plastic deformation
that is not recovered after unloading. However, nitinol can be deformed up to 8-10 %
and is still recoverable. 178, 179, 189 This is an important mechanical property of a
biomaterial due to the possibility to use this alloy as self-expandable stents.190, 191
Traditional stents must be expanded by inflating a balloon positioned within the stents
and does not expand uniformly.191 The superelasticity of nitinol is also advantageous
with respect to wear resistance, which is of great importance to the functionality of an
implant in vivo.183, 191 Under abrasive conditions, if deformation does not exceed the
elastic limit, damage will not general occur and therefore wear is not expected.179, 191

Figure 1.5 Stress-strain diagram (schematic), for living tissues, NiTi superelastic alloy and stainless steel
(the left arrow indicates the elastic limit in stainless steel).179

A good example of how NiTi dynamic properties can positively impact implant
performance is demonstrated by the self-expandable vascular stent and filters.184, 190, 191
A traditionally used vascular stainless steel stent following balloon expansion does not
expand uniformly.179 A rigid, non-uniformly extended, plastically deformed stainless
steel stent can cause significant arterial wall injury and vascular necrosis predisposing the
patient for the development of a thrombosis. The different expansion mechanism of an
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nitinol stent associated with a specific form of stress-strain diagram results in a more
uniform expansion, and in gentle push outward against the vessel wall preventing
undesirable changes in stent position despite the movements in the vessel.192
Significantly lower vascular injury resulting from the mechanical action of nitinol stents
on the vessel wall is associated with a tremendous reduction in their thrombogenic
potential compared to stainless steel stents.192
Many of the reactions causing acute clotting and restenosis are thrombinmediated.173, 193 Heparin is the most frequently used agent for thrombin regulation. In
order to prevent these reactions, the immobilization of heparin on the surface of the
biomaterial has been used to prevent thrombus formation and improve
hemocompatibility.173, 193 However, the actual performance of immobilized heparin may
vary significantly depending on many factors, including the method of immobilization,
the amount and type of heparin and person’s individual biology.193
The success of a biomaterial in the body depends on factors such as the material
properties, design and biocompatibility of the material used. The material/ cellular
interface is known to be an important attribute of biocompatibility with the wetting
behavior of surface participating in the cellular adhesion mechanism.182, 193-195 Therefore,
the corrosion behavior of NiTi should correspond to that of titanium which has an
excellent corrosion resistance.170, 196 The corrosion resistance of a material is defined as
excellent at rates of 0.02– 0.1 mm/year and good with rates of 0.1– 0.5 mm/year,
respectively.197 The corrosion resistance of nitinol in vitro has been previously evaluated,
and it’s resistance has been reported to range from excellent to poor with no visible
rationale.177-179, 184, 198, 199 In vivo studies of nitinol in rats have illustrated that the
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inflammatory response was minimal after periods of few months.178, 179, 181 The use of
nitinol as an implant or medical devices requires it to be shape set by heat treating at
approximately 500°C.184, 191, 198 This is designed to improve the corrosion resistance,
nickel ion release and biocompatibility of the alloy by increasing the oxide layer.198 The
toxicity of metal salts in cell cultures has shown decreasing toxicity in the order cobalt >
vanadium > nickel > chromium > titanium > iron.169 Therefore, if the passive oxide layer
of nitinol is tightly bound and stable due to the presence of the stabilizing titanium
dioxide or not damaged in the implant process, the human body would not be subject to
unwanted effects such as toxicity, inflammation or cancer. However, this is very difficult
to accomplish and therefore toxic effects are seen. 169

1.4 Previous Work Performed on Nitinol Surface
Several attempts have been made to control and tailor the nitinol surface, and
therefore avoid allergic and toxic reactions to the nickel ions released from surface.163, 187,
200, 201

Nickel may dissolve more easily than titanium because its oxide is not as stable as

titanium dioxide.202, 198, 203 Surface pretreatment is the most common technique
employed to alter the nitinol surface properties.163, 187, 195, 198-202 A nitrogen coating was
deposited using ion plasma onto the NiTi surface and the coating exhibited island
morphology.195, 200 Electropolished,187 plasma187, 199, 200 and chemical etching187 surfaces
were prepared to decrease the roughness and the nickel content on the surface. The
electrochemical treatment of the surface led to improved corrosion resistance.201
Moreover, the nitinol surface has been modified by plasma immersion to increase the
corrosion resistance and decrease the nickel content on the surface.199 Alternatively,
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polysacharide multilayers have been formed to passivate the surface.126 Finally, the
nitinol surface has been modified by poly(ethylene oxide) PEO grafting onto a silanized
surface and then irradiated with γ electrons.163 This surface modification showed a
substantial reduction of fibrogen and platelet adsorption.163 Aside from these surface
modifications, monolayer formation has not been achieved and few of the modifications
were performed on the native metal oxide surface.

1.5 Hypothesis and Approach
Carboxylic, hydroxamic, sulfonic and phosphonic acids are to be used in this
dissertation to form SAMs on nitinol, and its constituent metals nickel and titanium
oxides. One key difference among these acids is the acid dissociation constant (Ka).
Sulfonic acid is the strongest acid followed by phosphonic, hydroxamic, and carboxylic
acids. We hypothesize that the strongest acid will form the most stable and well-ordered
monolayer on the metal oxides. Further, the ability to form monolayers on nitinol oxide
will closely map to monolayer formation on the most reactive metal oxide. Phosphonic
acid monolayers were useful in reducing corrosion of the nitinol surface.
This hypothesis has been tested by controlling and analyzing the factors that
affect the efficiency of SAM packing on the surface, such as chain length, organic head
group, and functionalized tail group. These factors were tested on the three oxide
surfaces: nitinol, nickel and titanium oxide surfaces. After the modification using and
aerosol spray method with the thin organic films, the substrates were characterized by IR,
AFM, MALDI, and contact angles to monitor the monolayer formation. Alkyl chain
ordering, wettability, head-group substrate interactions, and film quality were
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determined. This information was then utilized to understand the role of organic and
surface factors, such as crystal structure, play in successful monolayer formation. The
reactive tail groups were then utilized to increase corrosion resistance through surfaceinitiated polymerization.
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Chapter 2

An Approach to Differentiating between Multi- and
Monolayers Using MALDI-TOF MS

2.1 Introduction
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) is used to give fast and accurate determination of molar masses of the
analyte by the fragmentation pattern and detection of the parent molecule, as an ion.204
MALDI-TOF has been used to determine the sequencing of repeating units, recognition
of polymer additives and impurities, large molecules and synthetic polymers of molar
masses greater than 550,000 Daltons (Da) by ionization and vaporization without
degradation.205-207 MALDI-TOF provides a soft ionization method with very little
fragmentation. It utilizes a pulsed laser beam to ionize the sample. The matrix separates
and isolates the sample, absorbs energy and desorbs the analyte. The matrix molecules
typically are aromatic acids or aromatic carbonyl compounds, selected on the basis of a
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high absorption coefficient for the laser light and ability to convert the absorbed UV laser
energy into heat and ionize the analyte molecules.95, 204, 208 The laser beam is focused on
the surface of the sample and ionizes the molecules, which can be directed to the
detector. (Figure 2.1) 95, 209 The desorption and ionization mechanisms of the MALDI
process are not well understood at the molecular level.95, 208 However, several models
have been proposed including proton transfer between electronically excited matrix
molecules and neutral analyte molecules, or the ion-molecules reaction involving radical
molecule ions.95, 204, 208 The most widely accepted ion formation mechanism involves
gas-phase proton transfer in the expanding plume with photoionized matrix molecules.204

Figure 2.1 A schematic diagram of the mechanism of MALDI.204

MALDI-TOF achieves low mass detection limit in the attomole to nanomole
range, and also it has a high sensitivity with an accuracy of 10-3-10-4.95 MALDI-TOF has
a large mass range that makes it ideal for biomaterials characterization of lipids, proteins,
polymers and surface analysis.205-207, 210 However, it has been difficult to use MALDITOF for the analysis of low-mass molecules and considerable efforts have been made to
overcome this problem.211 Recent advances in instrumentation have allowed for the
detection of small molecules without a strong ionizing group present.94-96, 205, 210, 212, 213
Small molecules can now be easily detected due to the high signal-to-noise ratio using
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high resolution instruments without further sample preparation. Detector responses relate
to the number of ions reaching the detector and ion velocities. Fast ions, with low m/z,
produce stronger detector responses than slow ions; therefore, high resolution MALDI
TOF usually provides more sensitive detection of small molecules.214 Using the low
mass detection limits, the composition of self-assembled monolayers has been identified
using MALDI-TOF.94, 96, 205 Here, we present the use of MALDI-TOF to differentiate
between monolayer and multilayer formation on planar oxide surfaces.
A SAM is a single layer of molecules on a substrate formed spontaneously in
which the molecules exhibit a high degree of orientation, molecular order and packing.57,
168

SAMs provide one of the easiest ways to obtain efficiently close packed films. Also,

SAMs are used as fundamental models in the studies of wettability and corrosion on
surfaces.76, 215 Surface properties such as the oxide layer thickness, hydroxyl content, and
the roughness affect the formation of SAMs altering the efficiency of molecular packing
on the surface. Another important advantage is that SAMs can be prepared in a
laboratory using simple deposition methods with small concentrations of the organic
molecules. Some common deposition methods used in SAM preparation are aerosol
spraying, solution dipping, or vapor deposition.8-10, 12-14, 16
Characterization of the monolayer can be accomplished through a variety of
techniques. IR is used to determine head-substrate binding and alkyl chain ordering.17, 18,
106

This can be supported by X-ray photoelectron spectroscopy (XPS) or solid state

NMR data.46, 99, 104, 216, 217 AFM imaging and contact angle data is used to study
monolayer uniformity. Height of the film can be inferred from AFM, surface plasma
resonance (SPR) or ellipsometry data.67, 212, 218, 219 The latter are limited by the
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reflectance of the surface. While the analysis of the film height can be done using a new
XPS charging technique, most people do not have access to this technique.99, 220 Timeof-flight secondary ion mass spectrometry (TOF-SIMS) has received increased attention
in the literature as a model to study thin organic layers.24, 97, 98, 100, 221, 222 However, in
monolayer samples, both monomers and dimers are seen in the TOF-SIMS spectra.97, 222
As a result, TOF-SIMS can be used to identify species in the thin films, but establishing
the height of the film may be difficult using this technique.97 A previous report using EI
mass spectrometry showed when thiols were exposed to laboratory ambient air for a long
period of time dimerization of the molecules was detected due to the formation of
disulfides (-S-S-).212 Therefore, determining monolayer vs. multilayer formation in a
film is still difficult especially on oxide surfaces, where island and micelle formation is
common. We demonstrate the capability of MALDI-TOF to determine film formation on
metal oxide surfaces.
MALDI-TOF has been used to characterize SAMs on gold using
alkanethiolates.96 Previously, mass spectrometric analysis using thiols showed the
presence of monomers only without detecting dimers with dependence on the high
concentration.23, 33, 212 Mrksich et al. observed disulfides in the MALDI analysis of
SAMs on gold, because thiols have a high thermal desorption and the molecules easily
form disulfides after desorption due to spontaneous oxidation.96, 208, 223 Moreover,
MALDI-TOF can be used to analyze and screen interfacial reactions on the surface due to
their rapid and efficient evaluation.103, 224 As a result of the non-destructive nature of the
technique, the bonding between molecules in the film is intact and the reproducibility
between samples is good.95, 96, 205, 206
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Octadecylphosphonic acid was used to form SAMs on titanium, iron and stainless
steel. Furthermore, carboxyalkylphosphonic acid was used to form organic films on
titanium as reported.24, 49, 76 These thin films are known to be strongly attached to the
surface.8, 16, 26, 27, 42, 47, 71, 74, 75, 225-230 Variations in the deposition method for these SAMs
can lead to multilayers or monolayers. The multilayers and monolayers formed were
characterized by IR, AFM, contact angle measurements and MALDI-TOF. Using these
well known systems demonstrates the new capacity of MALDI-TOF to distinguish
between multi and monolayers on planar surfaces. Moreover, this is the first time using
MALDI-TOF to characterize other molecules such as phosphonic acids as an alternative
of the well develop model system of thiol SAMs on gold.

2.2 Experimental Section
2.2.1 Methods and Materials
Octadecylphosphonic acid (ODPA, 99.0% purity) was purchased from Alfa Aesar
and used without further purification. 12-bromododecanoic acid (97%), acetyl chloride
(>99%,), and triethyl phosphite (98%) were purchased from Aldrich and hydrochloric
acid (Certified ACS Plus,) was purchased from Fisher Scientific. 12(carboxydodecyl)phosphonic acid was synthesized according to literature.24, 49, 76
Titanium (0.25 mm thickness), iron (0.125mm thickness) and stainless steel 316L
(0.50mm thickness), > 99.0 % purity metal oxide foils were purchased from Goodfellow
Inc.
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2.2.2 Preparation of the Substrates
Substrates were cut into 1 x 1 cm squares and sanded using different grit (220,
320 and 400) sand paper and polished (Buehler Ecomet 4 mechanical polisher) using 400,
800, 1200 and 1μm diamond suspension. The substrates were rinsed with acetone or
methanol and cleaned by ultrasonication in acetone for 1 hour. Then, the substrates were
rinsed and stored in the oven at 90° C for 30 minutes - 1hour. The substrates were rinsed
again and stored under vaccum (0.1 Torr) overnight.
2.2.3 Formation of Monolayers
Monolayers were formed by spraying the solutions of ODPA in dry
tetrahydrofuran ((THF) distilled over Na and stored under argon) using an aerosol sprayer
(TLC sprayer and N2). 0.35mM and 0.75mM concentration of ODPA were used to spray
the samples, allowed to dry at room temperature and then rinsed with THF. 0.50mM
concentration of 12-(carboxydodecyl)phosphonic acid was used to spray the titanium
samples. The samples were kept under vacuum overnight (0.1 Torr). Monolayers on
iron and stainless steel 316L were formed using previously described methods.8

2.3 Characterization of the Multilayers and Monolayers
2.3.1 DRIFT
The monolayers were analyzed using a Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFT). DRIFT (Thermo Nicolet-NEXUS 470 FT-IR) was
used to analyze the molecules’ adhesion to the surface and the monolayer ordering using
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the νCH2 peaks as the reference, before and after rinsing. The spectra were recorded under
nitrogen to eliminate the background signal due to CO2 and H2O absorption bands.
Typically, 1024 scans were collected for each sample with a resolution of 4 cm-1.
2.3.2 Contact Angle
The contact angle measurements (VCA Optima Gionometer Instrument) were
used to analyze the hydrophobicity of the surface. 1 μL of deionized water (Millipore)
was brought into contact with the surface and the contact angle was measured.
Measurements of five different spots on five separate samples were taken and the average
and standard deviation were calculated. The values were compared to the contact angle
value of cleaned substrates.
2.3.3 AFM
Atomic force microscopy (AFM) was used to analyze the surface before and after
the formation of the organic layers. AFM imaging (Molecular Imaging) of the samples
was performed in non-contact mode at ambient conditions using silicon tips. The
roughness analysis on the two-dimensional topography image was based on a calculation
of the standard deviation of all height values within the given imaged area (root-meansquare-roughness (rms)).8
2.3.4 AP MALDI-TOF MS
MALDI-TOF was used to characterize the formation of monolayers or multilayers
on the surface. A high resolution MALDI TOF (Agilent Tech.) with pulsed dynamic
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focusing was used to characterize the molecules. MS analyses of the ions were detected
in positive mode using a 337nm N2 laser, pulse width of 20 ns, a capillary voltage of
3500 V, fragmentor voltage of 260V, skimmer voltage of 40V and drying temperature of
325º C. The spectra were externally calibrated using an ES-TOF tunning mix of 10
masses for the range of 100-2300 m/z. Three-to-five areas of each sample were
characterized using the MALDI-TOF. The spectra were collected by uniformly moving
the laser in a circular pattern across the sample for one minute. The spectra were
reproducible using different samples. The matrix fragmentation can be observed in each
of the spectra with their background. The matrix, α-cyano-4-hydroxycinnamic acid
(CHCA) (Sigma-Aldrich, >99.0% purity), was used without further purification and
added in THF (10mg/mL).
2.3.4.1 Sample Preparation
MALDI-TOF preparation was done by dried-drop method in which a 1μL aliquot
of the matrix solution was dropped onto each of the metal surfaces previously modified
with thin organic films and then dried at room temperature.95 The matrix solution was
added after thorough rinsing of the sample to remove loosely bound material and as a
result the molecules detected by MALDI-TOF are covalently bound on the surface. This
method yields a uniform layer of matrix crystals on the samples. The samples were then
placed directly onto a MALDI sample plate using double sided tape and loaded onto the
MALDI-TOF. Analyte ionization was achieved by focusing a pulse of laser light onto
the sample/matrix preparation.
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2.4 Results and Discussion
2.4.1 Multilayers
Titanium, iron, and stainless steel were cleaned and modified with organic
molecules of octadecylphosphonic acid. The samples were initially characterized by
DRIFT (Figure 2.2).

Figure 2.2 (a) IR spectra of ODPA on titanium surface before (black spectrum) and after the rinse test
(grey spectrum) (νCH2 asym 2914 cm-1 and νCH2 sym 2847 cm-1) and (b) PO region giving νP=O 1240 cm-1, and
the νP-O 1018 cm-1 and νPOH at 943 cm-1 (continuous line spectrum). The PO region of ODPA solid (dash
line spectrum) is shown overlapping the PO region on titanium surface νP=O =1211 cm-1, νP-O =1075cm-1,
and νPOH = 947 and 931 cm-1. This PO region of the ODPA on the titanium surface spectrum corresponds to
a multilayer since the region is consistent with solid ODPA indicating no change (on average) in the
bonding region.

The position of the peaks corresponding to νCH2 after rinsing were νCH2 asym 2914
cm-1 and νCH2 sym 2847 cm-1 shown in (Figure 2.2a). The C-H stretches of the methylene
group are used as the reference peaks for SAM organization.17, 106 The νCH2 is consistent
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with all-trans alkyl chains forming an ordered film. The PO region of the ODPA solid
(dash line spectra) shows νP=O =1211 cm-1, νP-O =1075cm-1, and νPOH = 947 and 931 cm-1.
The PO region of the ODPA on the titanium oxide surface from Figure 2.2b (continuous
line spectrum) includes νP=O =1240 cm-1, νP-O =1018 cm-1, and νPOH = 943 cm-1 (Figure
2.2b). This spectra is consistent with that of the solid indicating multilayer formation.26
The results of the deposition on iron and stainless steel 316L were collected and the data
are presented in Table 2.1. Ordered and stable multilayers were formed on all surfaces.

Table 2.1 Summary of IR results before and after rinsing on surfaces with multilayers.
Metal Oxide

Deposition (cm-1)

Rinse Test (cm-1)

Intensity (%)

Titanium

2914 / 2847

2914 / 2847

0.8-5

Iron

2915 / 2848

2915 / 2848

0.9-2.5

Stainless steel 316L

2913 / 2847

2914 / 2848

1-5

AFM imaging of the modified surfaces clearly illustrates multilayer formation.
Figure 2.3 shows AFM images of titanium surface before modification and after
multilayer formation. The control sample has an average rms roughness of 11Å (left
image). In multilayer films the molecules are not uniformly distributed and the rms
roughness is higher (rms=29Å, right image). Additionally, the image shows island
agglomerates in particular areas.
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a.

b.

Figure 2.3 AFM image of titanium (a) before modification (rms roughness = 11Å) and (b) after multilayer
formation with ODPA (rms roughness = 29Å).

Contact angle measurements were collected on each metal oxide surface (control)
and on the modified surfaces (Table 2.2). The contact angle measurement is used to
demonstrate the wettability of the surface compared with the control before
modification.111 Contact angle literature values of methyl-terminated SAMs using
alkenethiolates on gold are close to 110° for hydrophobic and 40° for hydrophilic
surfaces.33, 113, 168, 231 These angles are indicative of densely packed methyl-terminated
self-assembled monolayers and smooth surfaces after modification.

Table 2.2 Contact angle values of the control, multilayer and monolayer modification on titanium, iron and
stainless steel 316L.
Metal Oxide

Control

ODPA-Multilayers

ODPA-Monolayer

Titanium

35º ± 1 º

97 º± 6 º

96º ± 5 º

Iron

58º ± 2 º

105 º ± 9 º

94 º ± 6 º

Stainless steel 316L

64º ± 4 º

106º ± 4 º

111 º ± 4º
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Multilayer formation was well characterized using IR, contact angles and AFM
imaging. Further analysis of the multilayer by MALDI-TOF (Figure 2.4) reveals peaks at
m/z 335.276 and 669.556 corresponding to the ODPA monomer and dimer peak
respectively on the titanium surface. Numerous small peaks can be seen due to the lowmass matrix related ion signal and matrix background.

Figure 2.4 MALDI-TOF spectra of the ODPA multilayer on titanium surface shows mass peaks at m/z
335.276 and 669.556 resulting from the monomer and dimeric peak respectively.

Since multilayer formation requires layers of organic molecules which are bound
to each other on the surface, MALDI-TOF detects this particular modification by the
presence of the dimeric peak from two molecules which are bound to each other.208 Mass
spectrometer analysis using the electrospray was performed on control ODPA (MW
334.28g/mol) and is shown in Figure 2.5a illustrating the monomer (335.287 m/z + H+)
and dimeric (2 x 334.28 = 669.549 m/z + H+) peaks. The cleaned but unmodified oxide
surfaces were analyzed and only the matrix ions from CHCA were observed (Figure
2.5b).
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Figure 2.5 (a) ESI spectra of ODPA control showing mass peaks at m/z 335.287 and 669.549 resulting
from the monomer and dimeric peak respectively. (b) MALDI-TOF spectra of the unmodified titanium
surface in which the matrix ion can only be observed at m/z 335.106. Note the relative intensity (y-axis) are
different in (a) and (b).

MALDI-TOF analysis on titanium, stainless steel 316L and iron surfaces showed
the same pattern when modified with multilayers. In each case monomer and dimer
peaks were seen in the spectra.15

2.4.2 Monolayers
Titanium, iron, and stainless steel were cleaned and modified with self-assembled
monolayers of octadecylphosphonic acid. The samples were initially characterized by
DRIFT (Figure 2.6).
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Figure 2.6 (a) IR spectra of ODPA on titanium surface before (black spectra) and after the rinse test (grey
spectra) (νCH2 asym 2914 cm-1 and νCH2 sym 2847 cm-1) and (b)PO region giving νP=O at 1201cm-1, and the νP-O
at 1012 cm-1(black spectra). (b) The PO region of ODPA control is shown overlapping the PO region on
titanium surface giving νP=O =1211 cm-1, νP-O =1075cm-1, and νPOH = 947 and 931 cm-1 (continuous line
spectra). The PO region of ODPA solid (dash line spectrum) is shown overlapping the PO region on
titanium surface νP=O =1211 cm-1, νP-O =1075cm-1, and νPOH = 947 and 931 cm-1.

Rinsing and sonication was done using THF to remove any physisorbed material
or multilayers. The CH2 values are characteristic of ordered alkyl chain in monolayers
based on the IR spectra νCH2 asym 2914 cm-1 and νCH2 sym 2847 cm-1.18, 106 The PO region
of the monolayer on the titanium surface from Figure 2.6 b (continuous line spectra)
shows the νP=O= 1201 cm-1 and νP-O= 1012 cm-1. This indicates covalent bonding
between ODPA and the surface in a bidentate manner. A substantial difference is seen
between multilayer and monolayer spectra, for a multilayer sample the monomer and
dimer peak are detected by MALDI-TOF. In contrast, for a monolayer sample that just
the monomer peak is detected.26 The results from iron and stainless steel 316L were
collected and the data is presented in the Table 2.3. All three systems were characterized
(titanium, iron and stainless steel 316L) and ordered and strongly chemisorbed
monolayers were formed on the substrates.
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Table 2.3 Summary of results from iron and stainless steel surfaces before and after modification with selfassembled monolayers.
Metal oxide

Deposition (cm-1)

Rinse test (cm-1)

Intensity (%)

Titanium

2914 / 2847

2914 / 2847

0.3

Iron

2912 / 2847

2912 / 2847

0.2

Stainless steel 316L

2913 / 2847

2914 / 2848

0.3

Figure 2.7 shows AFM images of the titanium surface before and after the
monolayer formation with ODPA. The control sample has an average rms roughness of
11Å (left image). Samples with monolayers had an rms roughness of 12Å. This
indicates that a single layer of molecules covered the surface unlike in multilayer samples
(Figure 2.3, rms 29Å) where there was not uniform coverage.

a.

b.

Figure 2.7 (a) AFM image of titanium before (rms roughness =11Å) and (b) after modified with ODPA
(rms roughness = 12Å) in topography and amplitude. This imaging of the titanium surface can be
considered monolayer.
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The MALDI-TOF of monolayers considerably differs from that of multilayers.
Analysis of the SAMs using MALDI-TOF (Figure 2.8) reveals peaks at m/z 335.276,
335.281, and 335.280 corresponding to ODPA on titanium, stainless steel 316L and iron
surfaces respectively. The dimeric peak seen in multilayer spectra were not detected
when the monolayers were analyzed although matrix background can be seen (Figure
2.8d, e). This indicates that surface monomers do not aggregate in the process of
obtaining the mass spectrum. Therefore, the dimerization seen in the multilayer spectrum
comes from the sample and not the technique. As a result, MALDI-TOF can be used to
differentiate between multi and monolayers.
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Figure 2.8 MALDI-TOF spectra of the monomer region of ODPA SAMs on (a) titanium (m/z 335.276), (b)
stainless steel 316L (m/z 335.281), and (c) iron (m/z 335.280); (d) dimeric region of ODPA on stainless
steel; (e) dimeric region of ODPA on titanium.

Octylphosphonic acid was used to form SAMs and in order to corroborate our
MALDI analysis. The samples were initially characterized by DRIFT. The νCH2 values
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are characteristic of ordered alkyl chain monolayers on the titanium surface based on the
IR spectra νCH2asym = 2913 cm-1 and νCH2sym = 2846 cm-1 after deposition and νCH2asym =
2915 cm-1 and νCH2sym = 2847 cm-1 after rinsing with THF. (Figure 2.9a) Analysis of the
SAMs using MALDI-TOF (Figure 2.9b) reveals peaks at m/z 195.120 corresponding to
octylphosphonic acid monomer protonated on titanium surface. The dimeric peak was
not detected when the monolayers were analyzed. (Figure 2.9c) Mass spectrometer
analysis using the electrospray was performed on the octylphosphonic acid control (MW
194.11 g/mol) and exhibits the monomer protonated (195.137 m/z + H+), and dimeric
protonated (2 x 194.137 = 389.224 m/z + H+) peaks. Therefore, this method also is
useful to characterize also molecules (< 200 amu) with short chain length on the metal
oxide surfaces.
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Figure 2.9 (a) IR spectra of octylphosphonic acid on titanium surface after the rinse test (black spectrum)
(νCH2 asym 2915 cm-1 and νCH2 sym 2846 cm-1), MALDI-TOF spectra of the (a) monomer region of
octylphosphonic acid SAMs on titanium (m/z 195.120); (b) dimeric region.

12-(carboxydodecyl)phosphonic acid was used to form organic films on the
titanium surface. This hydrophilic molecule has been demonstrated to bond strongly on
the metal oxide binding preferentially by the phosphonic group.24, 49, 76 Therefore,
carboxyalkylphosphonic acid was used to corroborate our MALDI-TOF analysis. The
samples were initially characterized by DRIFT. The νCH2 values are characteristic of
ordered alkyl chain in monolayers based on the IR spectra νCH2asym = 2912 cm-1 and
-1

-1

-1

νCH2sym = 2846 cm after deposition and νCH2asym = 2912 cm and νCH2sym = 2847 cm

after rinsing with THF. (Figure 2.10a) The PO region of the monolayer on the titanium
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surface shows the νP=O= 1264 cm-1 and νP-O= 1109 cm-1. (Figure 2.10b) There was no
evidence in the IR of bridging by the carboxylic acid tail group. To understand the
reactivity of the carboxylic acid moiety, octadecylcarboxylic acid was deposited under
the same conditions, and no evidence of film formation was seen in the IR spectrum.
Moreover, the wettability of the modified surface was analyzed by contact angle having a
58º ± 7 º. This value means the water spread in general all the way through the surface
compared to the methyl terminated phosphonic acid monolayers. (Table 2.2)
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Figure 2.10 (a) IR spectra of 12-(carboxydodecyl)phosphonic acid on titanium surface before (black
spectrum) and after the rinse test (red spectrum) (νCH2 asym 2912 cm-1 and νCH2 sym 2846 cm-1), (b) PO region
giving νP=O at 1264cm-1, and the νP-O at 1109cm-1 , (c) ESI spectra of 12-(carboxydodecyl)phosphonic acid
control showing mass peaks at m/z 281.156, 303.138, 561.310 and 669.549 resulting from the monomer,
monomer sodiated and dimeric peaks respectively.
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Analysis of the SAMs using MALDI-TOF (Figure 2.11) reveals peaks at m/z
303.134 corresponding to the sodiated 12-(carboxydodecyl)phosphonic acid monomer.
The dimeric peak was not detected when the monolayers were analyzed (Figure 2.11b).
Mass spectrometer analysis using the electrospray was performed on 12(carboxydodecyl)phosphonic acid control (MW 280.30 g/mol) and exhibits the monomer
protonated (281.156 m/z + H+), monomer sodiated (303.138 m/z + Na+), dimeric (2 x
281.156 =561.310 m/z + H+), and dimer sodiated (2 x 281.156 + Na+= 583.303) peaks
(Figure 2.10c). Therefore, this method can also be used to characterize functionalized
molecules on the metal oxide surfaces.

Figure 2.11 MALDI-TOF spectra of the (a) monomer region of 12-(carboxydodecyl)phosphonic acid
SAMs on titanium (m/z 303.134); (b) dimeric region.

2.5 Conclusion
Strong and ordered films (mono and multilayers) were formed on titanium, iron
and stainless steel 316L. IR, contact angle, AFM and MALDI-TOF were used to
characterize the unmodified and modified surfaces. Infrared analyses have demonstrated
the alkyl chain ordering and binding between the organic and the surface through peak
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shifting. AFM images were used to characterize the surfaces before and after
modification with alkylphosphonic acid in order to infer film height. The established
monolayer systems of iron, titanium and stainless steel and IR and AFM techniques were
used to prove substrate characterization and to demonstrate that MALDI-TOF can be
used to distinguish between multi and monolayer formation in thin films on surfaces.
The monomer and dimer peak of ODPA was used to indicate the formation of mono or
multilayer. If the dimer peak of the molecule is seen by MALDI-TOF, then the
modification is considered to be a multilayer on the surface, and the presence of only a
monomer indicates the presence of a monolayer. The analyte does not dimerize in the
gas phase at low concentration of the analyte. The instrument has been able to quantify
analyte as low as 2 picomol for detection of limit.232 Therefore, the monolayer samples
have been analyzed to differentiate between high concentration and multilayer
modification. This easy and effective method is useful in characterizing thin films on
different substrates.
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Chapter 3

Study of the Formation of Self- Assembled Monolayers on
Nitinol and its Constituents Nickel and Titanium Oxide
Surfaces

3.1 Introduction
The surface of nitinol (NiTi) is composed of 50% titanium oxide (TiO2) and 50%
nickel compounds (both nickel oxides (NiO and Ni2O3) and metallic nickel), while
nickel-titanium constitutes the inner layers.186, 191 The biocompatibility of nitinol has
been studied with special attention because of the high nickel content.233 Nickel may
dissolve in the human body more easily than titanium leading to toxicity and infection.
Titanium, however, has been extensively used for implants, and has very good
biocompatibility.187, 234 Nitinol is an alternative to titanium due to the shape memory and
superelasticity properties.178, 179, 182, 184 These properties facilitate minimally invasive
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keyhole surgical procedures that minimize trauma and accelerate recovery.178, 179 It has
been found to be noncarcinogenic in humans and does not corrode in vivo.187 To reduce
the immune response, researchers are trying build a protective interface between the
biomaterial and the human body using organic, coatings, or other surface treatments.126,
172, 199, 200

Self-assembled monolayers (SAMs), an organic coating, may form an effective

interface between the human body and the biomaterial surface. The self-assembly
technique represents a cost-effective way of modifying and controlling the surface
properties of metal oxide surfaces through the simple processes of dipping, spraying or
vapor deposition.8, 13, 16 This self-assembly process is cost effective because the solution
concentration is small, the chemicals used are normally easy to find and synthesize, and
film formation can take place in seconds.
SAMs can be arranged as condensed (ordered) or dilute (disordered) monolayers.
Condensed monolayers contain rigid molecules due to greater van der Waals forces
between alkyl chains of each molecule resulting in a closely packed monolayer.17 Alkyl
chains in condensed films have an all-trans conformation. Additionally, inter-tail
interactions of the molecules such as hydrogen bonding can be strong and aid in aligning
the molecules. These hydrogen bonding interactions can form between the tail groups as
well as with the head groups of the molecules used in the SAM formation. In dilute
monolayers, the alkyl chains contain gauche conformations resulting in gaps between the
molecules and thus, low density monolayers are formed.57, 168, 215
The most widely researched class of SAMs is alkanethiols on noble metals,
particularly gold.19, 33, 221 Alkanethiols on gold have been utilized as model systems for
various purposes, including corrosion resistance48, 55, 56, adhesion enhancement,57, 58 and
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biosensors.59-61 Alkyl thiols on gold have been studied extensively,19, 21, 33, 63, 235 and it is
known that, when adsorbed, the molecules are oriented at an angle of 30°relative to the
surface normal.236 The nature of S-Au bond has been discussed extensively, and it has
been established that the adsorbed molecules are highly mobile. 236 However, the
formation of well-ordered and strong alkanethiol monolayers has been extremely limited
on metal oxides.68 For example, thiols were used to modify the nickel oxide surface. 21, 57
However, in order to form the SAMs on the surface, the oxide layer was removed by
electrochemical methods to expose a clean metallic surface to which thiols can bond to
through at S-Ni bond.153, 237 Thiols generally do not adhere to metal oxides or are easily
removed by rinsing. Therefore, a different type of molecule must be utilized to form
SAMs on NiTi oxide. Researchers have used long chain organic acids (carboxylic,
sulfonic, hydroxamic, phosphonic) on a variety of metal oxides but these acids have been
studied far less than alkanethiols on gold.16, 18, 25, 27, 28, 42, 45, 68-72, 76, 238 Some examples of
monolayers on metal oxides are those formed by carboxylic acids on copper,23, 72
aluminum oxide,17, 68, 70, 73 and stainless steel.8, 9, 74, 75 Previously, phosphonic acids have
been used to form robust and ordered films on relatively inert oxide surfaces such as
titanium and stainless steel.8, 16, 24, 26, 27, 42, 68, 71, 76, 239 The reason for the increased
reactivity of phosphonic acids over other organic acids may be due to the phosphonic
acid’s low pKa and thus, its ability to participate in acid-base reactions with surface
hydroxyl groups and μ-oxo groups or others were speculated that the monolayer may be
physisorbed onto the surface in the form of salts.8, 16, 239 Here, SAMs were formed and
characterized on the native oxide surface of nitinol using phosphonic acid head groups
for the first time. Moreover, one of the main and potentially toxic, components of the
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nitinol surface is nickel oxide which also was modified using phosphonic acids to
understand the reactivity and effect of different oxides on the surface. Titanium oxide
which also is a component of the nitinol surface was previously modified and analyzed
using alkylphosphonic acid.15, 16, 24, 26, 42, 47 Therefore, we confirmed monolayer
formation on the titanium oxide surface using the phosphonic acid head group and varied
the alkyl chain length and the tail groups at the interface.

3.2 Experimental Section
3.2.1 Methods and Materials
Butylphosphonic acid (BPA, 98% purity), Octylphosphonic acid (OPA, 98%
purity), undecylphosphonic acid (UPA, 98% purity) and octadecylphosphonic acid
(ODPA, 99.0% purity) were purchased from Alfa Aesar and used as received without
further purification. 12-bromododecanoic acid (97%), 11-bromoundecanol (98%), 1, 12dibromododecane (98%), acetyl chloride (>99%), and triethyl phosphite (98%) were
purchased from Aldrich and hydrochloric acid (Certified ACS Plus,) was purchased from
Fisher Scientific. (11-hydroxyundecyl)phosphonic (12-carboxydodecyl)phosphonic and
1,12 dodecyldiphosphonic acids were synthesized as previously described.24, 49, 76, 240, 241
Nitinol foils (51% nickel: 49 % titanium; 0.008” thickness, >99.0 % purity) were
purchased from Johnson Matthey, Inc. Nickel and titanium foils (0.25mm thickness, >
99.0 % purity) were purchased from Goodfellow Inc.
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3.2.2 Preparation of the Substrates
Substrates were cut into 1 x 1 cm squares, sanded (220, 320 and 400 grit
sandpaper) and then polished (Buehler Ecomet 4 mechanical polisher) using sandpaper
of 400, 800, 1200 grits and 1μm diamond suspension. The substrates were rinsed with
acetone and methanol and cleaned by ultrasonication in acetone for 1 hour. The
substrates were then rinsed with acetone and stored in the oven at 90° C for 30 minutes –
1 hour. The substrates were rinsed again and stored under vacuum overnight (0.1 Torr).
3.2.3 Formation of Monolayers
Monolayers were formed by spraying the solutions of phosphonic acid in dry
tetrahydrofuran ((THF) distilled over Na and stored under argon) using an aerosol sprayer
(TLC sprayer, Sigma Aldrich and N2). A 0.35mM solution of ODPA was used to spray
the samples. The substrates were allowed to dry at room temperature and then rinsed
with THF for 15 minutes. Solutions of undecylphosphonic (0.50mM), (12carboxydodecyl)phosphonic (0.50mM), octylphosphonic (0.75mM), (11ydroxyundecyl)phosphonic (0.75mM) and 1,12 dodecyldiphosphonic acids (0.50mM)
respectively. The resulting samples were stored under vacuum overnight (0.1 Torr).
3.2.4 Characterization of the Monolayers
3.2.4.1 DRIFT
The substrates were studied using a Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFT; Thermo Nicolet-NEXUS 470 FT-IR). DRIFT was used
to analyze the alkyl chain ordering and bonding mode of the molecules to the surface.
The spectra were recorded under nitrogen to eliminate the background signal due to CO2
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and H2O absorption bands. The unmodified NiTi, Ni or Ti substrates, respectively, were
used as the background spectra for analysis purposes. Typically, 1024 scans were
collected for each sample for the measurements on the monolayer samples. A total of
nine samples were analyzed by IR.
3.2.4.2 Contact Angle
The contact angle measurements (VCA Optima Goniometer Instrument) were
used to analyze the hydrophobicity of the surface. One μL of deionized water (Millipore)
was brought into contact with the sample to analyze the wettability of the SAMs formed
on nitinol. Measurements on five different places on five samples were taken and the
average and standard deviations were calculated. The values were compared to the
contact angle value of cleaned but unmodified nitinol substrates.
3.2.4.3 AFM
Atomic force microscopy (AFM) was used to characterize the surface topography
before and after the formation of the organic films. AFM imaging (Molecular Imaging,
Pico SPM) of the nitinol oxide samples was performed in non-contact mode at ambient
conditions using silicon tips. The samples were scanned over 500 x 500 nm region.
Imaging of the nickel oxide samples were performed in non-contact mode under ambient
conditions using MAC-lever silicon tips (Veeco Inc.). MAC mode was used to image the
nickel oxide substrates due to the fact that nickel oxide surface is ferromagnetic and the
images were superior to those obtained in AC mode. Imaging of 1,12dodecyldiphosphonic acid modification on the NiTi surface was performed in contact
mode at ambient conditions using silicon nitride tips. The roughness analysis on the twodimensional topography image was based on a calculation of the standard deviation of all
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height values within the given imaged area (root-mean-square-roughness (rms)).8
3.2.4.4 AP MALDI-TOF MS
Atmospheric pressure matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (AP MALDI-TOF MS) was used to differentiate between monolayer
and multilayer formation as explained previously in Chapter 2.
3.2.4.5 Electrochemical Characterization
Electrochemical measurements were carried out in a Bioanalytical Systems (BAS)
model CV-50W. Voltammograms were recorded with a standard three-electrode system
consisting of nitinol and nickel oxide as the working electrodes with a 0.8 cm2 exposed
area, a saturated calomel electrode (SCE) as the reference electrode and a Pt-wire
auxiliary electrode. The cyclic voltammetry analysis was performed in a 0.1M NaOH
aqueous solution after soaking the samples for 30 minutes in the solution. Potential was
scanned -0.3 to +0.6 V for the nickel oxide and -0.3 to +0.7 V for the nitinol substrates at
50 mV s- 1. Using the same three-electrode system, the current density was measured
using an EG&G Princeton Applied Research scanning potentiostat Model 362 and was
plotted using an EG&G Princeton Applied Research (Houston Model RE0074) X-Y
recorder and a 169 Keithley multimeter with y scale 2.5 mA, a current at 10mA at 10 mV
s- 1scan rate.
The Electrochemical Impedance Spectroscopy (EIS) measurements were
performed in the frequency range from 0.1 Hz to 300 kHz with 5 points per decade. The
sinusoidal perturbation signal’s amplitude was 10 mV at corrosion potential. The
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impedance data were analyzed with Gamry Framework v5.30 software using a Gamry
Instruments FAS2 Femtostat potentiostat.

3.3 Results and Discussion
3.3.1 Nitinol Surface
Nitinol (NiTi) samples were cleaned and octadecylphosphonic acid (ODPA) was
deposited by a simple procedure of aerosol spraying (0.35mM solution in THF). This
leads to the spontaneous formation of a film on the NiTi surface. After deposition,
rinsing and sonication, to remove loosely bound material, the samples were characterized
by DRIFT (Figure 3.1). The spectra of the unmodified NiTi substrates contained no
peaks attributable to organic deposition. In the spectra of the modified substrates, the CH stretches of the methylene group are used as the reference peaks for SAM
organization.17, 66, 106 The symmetric and asymmetric C-H stretches are shifted to higher
or lower frequencies depending on the alkyl chain conformation. Thus, this indicates
weather the alkyl chains are ordered (trans conformation) or disordered (gauche
conformation).14, 106 The position of the peaks corresponding to νCH2 after sonication
were νCH2 asym= 2913 cm-1 and νCH2 symm= 2846 cm-1, respectively, showing a strongly
bound and ordered film is present (Figure 3.1a). The contact angle measurements of the
modified surface are consistent with that of a well-ordered monolayer with complete
coverage of the surface. A water contact angle of 107° is observed, compared to the bare
nitinol oxide surface contact angle of 46°.
The spectra acquired following sonication indicate that the molecules are bound
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to the surface in a monodentate manner. Sonication removes weakly bound or
physisorbed material, therefore the remaining material is bound strongly to the surface.
The nature of the interaction between the molecules and the surface can be can be
determined from the shifts and broadening of νP=O, νP-O and νPOH, indicating a change in
head group bonding.16, 136 Specifically, the PO region of the ODPA solid shows νP=O=
1211 cm-1, νP-O= 1075 cm-1, and νPOH= 947 cm-1 and 931 cm-1 (Figure 3.1b-black
spectra). In contrast, the PO region of the bound ODPA contained broad PO group
stretches at νP=O = 1239 cm-1, νP-O = 1055 cm-1 and νPOH = 897 cm-1 (Figure 3.1b-red
spectra). The broad peak at 1055 cm-1 is characteristic of P-O-surface species in other
phosphonic acid-metal oxide systems where the molecule is bound to the surface.25, 49, 76
The peak at 1239 cm-1 is consistent with the continued presence of P=O groups.
Therefore, the bonding is not tridentate as seen in some phosphonate-oxide systems, such
as silicon dioxide.230, 242 Furthermore, we have attributed the peak at 897 cm-1 to the
continuing presence of a P-O-H group. This peak is shifted from that seen in the solid
spectra to lower wavenumber values and most likely due to hydrogen bonding between
the remaining P-O-H group and the surface (Figure 3.1c). Therefore, the bonding is
monodentate (Figure 3.1d). This result varies from that reported on TiO2 which is
reported as bi or tridentate.15, 16, 71, 230 This may be due to the difference between the TiO2
structure which is rutile and the alloy structure which is martensite -austenite. This is
explained in more detail in Chapter 4.
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Figure 3.1 IR spectra of ODPA on nitinol surface (a) CH region after sonication (b) PO region after
deposition, (red spectra) and the PO region of ODPA solid (black spectra). (c) The PO region of the IR
spectra indicates a monodentate orientation of the acid with some hydrogen bonding to the nitinol oxide
surface as shown. (d) Proposed mechanism of monodentate binding of ODPA on nitinol surface.

While IR can be used to characterize alkyl chain ordering and binding of the
molecules to the surface, it cannot determine film height or integrity. Therefore, AFM
imaging was used in this study to further characterize monolayer formation. The root
mean square (rms) roughness parameter is a measure of the deviations in the surface from
the mean plane within the sampling area, which gives insight into height and
uniformity.243 The analysis is carried out by comparing the rms roughness of the
unmodified and modified substrates. Modified surfaces with a similar rms roughness to
the control surface are considered to be films of monolayer height that follow the contour
of the surface, while modified surfaces that have much larger rms roughnesses than the
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control are multilayer or nonuniform films.15, 244 The nitinol control sample had an
average rms roughness of 8Å (Figure 3.2a). Modified samples with monolayers, after
sonication, had an rms roughness of 10Å (Figure 3.2c). Therefore, it is concluded that
the molecules followed the contour of the sample with a single layer of molecules with
no aggregates. An illustration of the NiTi surface modified with multilayers with an rms
roughness of 29Å can be seen in Figure 2b. Multilayer films were imaged before
sonication in THF. In a multilayer sample, as expected, islands of agglomerate layers can
be observed and the surface is not homogeneously covered.

a.

b.

c.

Figure 3.2 (a) AFM image of clean NiTi (rms roughness=8 Å) (b) Multilayer formation of ODPA on NiTi
surface in 3D image (rms roughness = 29 Å) and (c) NiTi surface after modification with ODPA and
sonication in THF (rms roughness=10Å) in amplitude, topography, and phase.
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MALDI-TOF MS analysis was used to confirm the height of the films on the
surface. Using this technique we are able to differentiate between mono- and multilayers
in these systems.(Chapter 2)15 Multilayer formation is a common problem which is
traditionally difficult to analyze, but analysis by MALDI-TOF MS has proven to provide
reliable and easy-to-acquire data about the number of layers in an organic thin film. Here
MALDI-TOF analysis was performed in positive mode on the modified samples. To
obtain statistically significant results three to five spots per sample and three samples
were analyzed. In each sample, the matrix background (CHCA) can be seen. ODPA was
detected in the MALDI-TOF at m/z 335.282, corresponding to an ODPA molecule plus
H+. In the mass spectra of monolayer samples, only the monomer peak can be seen.15
This data is consistent with mass spectra from other well-characterized phosphonatemetal oxide systems. Mass spectra of phosphonate monolayers on titanium, iron, or
stainless steel oxide substrates contain a peak at ODPA+ H+.15 This result is independent
of bonding motif. In contrast, in the mass spectra of multilayer samples (as determined
by AFM), peaks corresponding to monomer at m/z 335.282 and dimer at m/z 669.560
aggregates can be seen (Figure 3.3c and Figure 3.3d respectively). This data is consistent
with the AFM data and confirms the formation of uniform monolayers on the NiTi
surface.
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Figure 3.3 (a) Representative MALDI-TOF spectra of the ODPA monolayer on nitinol surface shows mass
peak at m/z 335.282 resulting from the monomer peak; (b) Dimeric region of ODPA on NiTi surface; (c)
Monomer region of ODPA multilayer modification shows mass peak at m/z 335.282 on NiTi surface; (d)
Dimeric region of ODPA multilayer modification on NiTi surface shows a mass peak at m/z 669.560.

Stability of the monolayers was analyzed under several different conditions. The
samples were first left under atmospheric conditions and analyzed once per week for over
a year. The monolayers remained ordered and bound to the surface as indicated by the
lack of change in the DRIFT spectra. In this study, the position of the peaks
corresponding to νCH2 after the monolayers were being formed over one year and five
months were νCH2 asym= 2908 cm-1 and νCH2 symm= 2842 cm-1, respectively, showing a
strongly bound and ordered film is present (Figure 3.4a).
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The modified samples were then rinsed using 1M and 6M HCl and NaOH. DRIFT
spectra after the acid and base immersion remained unchanged. When the ODPA
samples were rinsed with 6M HCl the peaks corresponding to νCH2 were νCH2 asym= 2907
cm-1 and νCH2 symm= 2840 cm-1, respectively (Figure 3.4b). Moreover, the modified
samples were rinsed with 1M HCl and showed the PO region of the bound ODPA
contained broad PO group stretches at νP=O = 1260 cm-1, νP-O = 1046 cm-1 and νPOH = 945
cm-1. When the modified samples were rinsed with 6M NaOH, the peaks corresponding
to νCH2 were νCH2 asym= 2913 cm-1 and νCH2 symm= 2847 cm-1, respectively. (Figure 3.4c)
Rinsing the sample with protic solvents (water and ethanol) also had no effect on the
stability of the films.
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Figure 3.4 (a) IR spectra of ODPA on nitinol surface after one year of being formed on the NiTi surface;
(b) IR spectra of ODPA on nitinol surface after been rinsed with 6M HCl. (c) IR spectra of ODPA on
nitinol surface after been rinsed with 6M NaOH.
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3.3.1.1 Chain Lengths
An important stabilizing factor in organic monolayers films is the attractive van
der Waals interaction between chains, which play an essential role in the packing and
self-organization of the molecules.106 This stability and chain ordering increases as the
chain length of the alkyl-headgroup backbone increases.12, 18, 245 A long alkyl chain, >12
carbons, is commonly used in the formation of SAMs because longer chain lengths tend
to form all trans conformations in the alkyl chain instead of gauche conformation on the
surface due to the high number of van der Waals interactions.17, 18, 246, 247 Substantial
disorder is generally found in films formed by short chain molecules.
Here, short chain alkylphosphonic acids (eleven, eight, and four carbons) were
used to form films on the NiTi oxide surface. As the chain length decreased, it was
necessary to use different deposition conditions to form monolayers on the NiTi surface.
Undecylphosphonic acid was used to form monolayers by aerosol spraying the
substrates twice (0.50mM in THF solution) and drying the substrates at room temperature
in between sprays. The DRIFT spectra of the samples contained peaks at 2913 cm-1 (νCH2
asym)

and 2845 cm-1 (νCH2 sym) in the IR after deposition, which shifted to 2914 cm-1 and

2847 cm-1, respectively after rinsing in THF (Figure 3.5a). MALDI-TOF analysis was
performed on NiTi after modification with undecylphosphonic acid, and a peak at m/z
237.162 (UPA + H+) corresponding to the monomer was seen and the dimer peak was not
observed concluding a monolayer formation (Figure 3.5b). Undecylphosphonic acid
samples have a contact angle= 109° caused by the hydrophobic tail group as seen in
ODPA samples. These results are consistent with alkyl-chain ordered monolayers.
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Previous reports of odd chain length organic acid monolayers indicate that the molecules
are not as well organized on the surface as even chain molecules with organic acid head
groups,72, 248, 249 however, this disorder was not observed here.
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Figure 3.5 (a) IR spectra of undecylphosphonic acid on nitinol surface after deposition (black spectra) and
after the rinse test (red spectra). (b) MALDI-TOF spectra of the monomer region of undecylphosphonic
acid SAMs on NiTi at m/z 237.162.

To form monolayers with octylphosphonic acid, an increase in concentration and
temperature was required. The samples were aerosol sprayed twice (0.75mM
concentration) and heated to 120°C after each deposition. The IR peaks attributed to
νCH2 asym = 2915 cm-1 and νCH2 sym = 2847 cm-1 after deposition, shift slightly to 2914 cm-1
and 2848 cm-1 after rinsing with THF (Figure 3.6a). Octylphosphonic acid samples have
a contact angle of 105° caused by the hydrophobic tail group as seen in ODPA samples.
MALDI-TOF analysis gave at m/z 195.118 (OPA + H+) corresponds to the monomer
peak with no dimer peak present; confirming monolayer film formation (Figure 3.6b).
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Figure 3.6 (a) IR spectra of octylphosphonic acid on nitinol surface after rinsing. (b) MALDI-TOF spectra
of the monomer region of octylphosphonic acid SAMs on NiTi at m/z 195.118.

Butylphosphonic acid did not form monolayers on the NiTi surface. This is due
to limited van der Waals interactions in the short chains. Our results are consistent with
other reports that a limited degree of orientation for short chains is observed.8, 16, 18, 110, 250
3.4.1.2 Tail Groups
Tail group functionality can affect SAM formation and stability and can be used
to change the surface from hydrophobic (methyl terminated) to hydrophilic (carboxylic
acid and hydroxyl terminated).35, 42, 44, 47 Hydrogen bonding between terminal groups in
SAMs is thought to contribute to the stabilization of monolayers in hydroxyl- and
carboxylic acid-terminated monolayers.49 Thus, a hydrophilic interface was prepared
using carboxylic acid (-COOH) hydroxyl (-OH) and phosphonic acid (-PO3H2)
terminated alkylphosphonic acid SAMs on the NiTi surface.
A DRIFT spectrum of 12-carboxydodecanephosophonic acid is shown in Figure
3.7a. The peaks corresponding to νCH2 asym (2910 cm-1) and νCH2 sym (2846 cm-1) after
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deposition and rinsing with THF indicate that a strongly bound and ordered monolayer is
present (Figure 3.7a). There was no evidence in the IR of bridging by the carboxylic acid
tail group. To understand the reactivity of the carboxylic acid moiety,
octadecylcarboxylic acid was deposited under the same conditions, and no evidence of
film formation was seen in the IR spectrum. The carbonyl stretching was analyzed by IR
showing a peak at 1691 cm-1 corresponding to the carbonyl peak (C=O) of the carboxylic
acid tail group. This peak is attributed to hydrogen bonding between the surface and free
carboxylic acid peak , because the carboxylate asymmetric and symmetric peaks are not
observed.104, 251 (Figure 3.7b- red spectra) The carbonyl peak of the solid compound is
seen at 1684 cm-1. (Figure 3.7b-black spectra) Furthermore, MALDI-TOF was used to
characterize this functionalized surface. Analysis of the SAMs using MALDI-TOF
(Figure 3.7c) reveals a peak at m/z 303.137 corresponding to a (12carboxydodecyl)phosphonic acid monomer sodiated on the NiTi surface. The dimeric
peak was not detected when the monolayers were analyzed, however, matrix background
can be seen (Figure 3.7d).
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Figure 3.7 (a) IR spectra of (12-carboxydodecyl)phosphonic acid on nitinol surface after rinsing; (b) IR of
carboxylic acid region of the modified sample (red spectra) and the solid control (black spectra) (c)
MALDI-TOF spectra of the monomer region of (12-carboxydodecyl)phosphonic acid SAMs on NiTi at
m/z 303.137 and (d) dimeric region which shows no evidence of dimer formation from the surface.

Hydroxyl tail groups have been shown to have a stabilizing effect on SAMs
formed from alkanethiols on gold.19, 42 The stabilization of the well-ordered structure is
accomplished via hydrogen-bonding. 12-hydroxyl (-OH) terminated phosphonic acid
was synthesized and used to form ordered monolayers.24, 240, 241, 252 The position of CH2
peaks after deposition were νCH2 asym =2914 cm-1 and νCH2 sym =2848 cm-1 and at 2913 cm1

and 2848 cm-1, respectively, after rinsing with THF. The PO region of the IR spectra

indicates a monodentate orientation of the acid on the surface. (Figure 3.8a) This is
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supported by the presence of the PO group stretches at νP=O = 1162 cm-1, νP-O = 1016 cm-1
and νPOH = 935 cm-1 and is consistent with the bonding seen earlier. (Figure 3.8b)
Further, unbound -OH was detected at 3737 cm-1,253 indicating that the –OH tail group
was not bound to the surface and therefore, is free to react at the interface (Figure 3.7).
Since the hydroxyl groups are not hydrogen bound to each other, the molecules do not act
as a stabilizing influence here on the monolayer as in other systems.42 This is illustrated
by the fact that the monolayers are stable to rinse but not sonication. The alkyl chain of
the hydroxyl monomers is seven carbons shorter than that of the methyl terminated chain.
This chain length effect may play a role in the instability of the film. Previously, a lower
degree of order was reported for (shorter)hydroxyl terminated-thiols on gold than longer
methyl counterparts.42 To better understand the bonding affinity of the hydroxyl group,
octadecanol was deposited on the NiTi surface. However, there was no evidence of
organic moities on the surface after deposition. This supports the supposition that
bridging of the molecules is not seen in this system. Mass spectrometer analysis using
the electrospray was performed on (11-hydroxyundecyl)phosphonic acid solid control
(MW 252.29 g/mol) and exhibits the monomer peak protonated and sodiated at 253.29
m/z and 275.28 m/z respectively. The modified samples were characterized using
MALDI-TOF showing a peak at 275.093 m/z.
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Figure 3.8 (a) IR spectra of (11-hydroxyundecyl)phosphonic acid on nitinol surface after deposition (black
spectra) and rinsing with THF (red spectra); (b) IR of PO region of the modified sample (c) OH region of
(11-hydroxyundecyl)phosphonic acid on nitinol surface after the deposition showing a -OH unbounded
peak at 3737 cm-1; (d) MALDI-TOF spectra of the monomer region of (11-hydroxyundecyl)phosphonic
acid SAMs on NiTi at m/z 275.093.

3.4.1.3 Multilayer Formation using Diphosphonic Acid Functionalized SAMs
The phosphonic acid head group has been used to modify the titanium oxide
surface previously.254 Researchers have reported the formation of self-assembled
monolayers of phosphonic acid can be strongly bonded onto the titanium oxide or
titanium alloy surfaces via reaction of phosphonic acids with their native oxides.16, 24, 42, 47
However, attempts to control film formation when the molecules contain two phosphonic
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acids have not been successful.2, 254 Here, 1,12 dodecyldiphosphonic acid was
synthesized according to literature.240 A solution of 0.50mM was used to modify the bare
NiTi surface. The samples were sprayed once with the organic acid solution, dried at
room temperature and rinsed with THF. The position of CH2 peaks after deposition were
νCH2 asym =2915 cm-1 and νCH2 sym =2848 cm-1 after rinsing with THF. The PO region of
the IR spectra of the acid on the surface was analyzed. Moreover, the presence of the PO
group stretches at νP=O = 1227 cm-1, νP-O = 1023 cm-1 and νPOH = 935 cm-1 were seen.
(Figure 3.9b) The PO region of the 1,12 dodecyldiphosphonic acid solid shown peaks in
the IR at νP=O = 1133 cm-1, νP-O = 1001 cm-1 and νPOH = 946 and 935 cm-1. Mass
spectrometer analysis using the electrospray was performed on (1,12
dodecyldiphosphonic acid solid control (MW 330.29 g/mol) and exhibits the monomer
peak protonated and sodiated at 331.14 m/z and 353.13 m/z respectively. The modified
samples were characterized using MALDI-TOF showing a peak at 331.146 m/z indicating
monolayer formation. (Figure 3.9c)
The modified samples were imaged by contact mode AFM. Tightly packed
molecules can be seen in the AFM image with no aggregates. (Figure 3.9e) These
images were taken in the repulsive or contact mode where the probe is dragged across the
surface of the sample.131 The unmodified, silicon nitride tip is brought close enough to
the surface to detect the repulsive force between the atoms of the tip material and the
sample and this interatomic forces will induce bending of the cantilever.131 Given that a
phosphonic acid interface should theoretically be hydrophilic and that a silicon nitride tip
was used, the interatomic interactions between the moisture on the tip and the modified
sample should have prevented the image from being taken.120, 130 For example, a relative
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humidity between 20-40%, can cause discontinuities in the force measurements as a
result of the formation of a capillary meniscus.255, 256 Because capillary forces can
critically affect the measurements, the relative humidity was recorded for each
experiment and found to be around 30%. Therefore, it appears that the tip was
hydrophilic and could not image a hydrophilic surface in contact more. This led to the
supposition that the diphosphonic acid was in a bridging orientation on the surface
(Figure 3.9d).
This inference from the AFM data was supported by other pieces of data. First,
acetyl chloride could not be reacted with the “terminus” phosphonic acid indicating the
phosphonic acid tail groups were inaccessible for reaction, either due to hydrogen
bonding or covalent bonding with each other or the surface. Further, the contact angle
was only 80°. This value is higher than expected and previously reported.254 The contact
angle value is not as hydrophobic as if there were a close-packed, methyl terminated film,
however the tilt angle and orientation of the monolayer on the surface effects in the
wettability.68, 239, 257, 258 In the case of this bridging system, the water is interacting with
the methylene region. The IR indicates the formation of an ordered film but cannot rule
out bridging interactions. Therefore, it is clear that the diphosphonic acid is bound to the
surface through a bridging motif where both phosphonic acid groups are bound to the
surface.
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Figure 3.9 (a) IR spectra of 1,12 dodecyldiphosphonic acid on nitinol surface after rinsing with THF, (b)
IR of PO region of the solid 1,12 dodecyldiphosphonic acid, (c) MALDI-TOF spectra of the monomer
region of 1,12 dodecyldiphosphonic acid SAMs on NiTi at m/z 331.146, (d) Structure proposed of 1,12
dodecyldiphosphonic acid on the nitinol surface in a bridging binding with the oxide layer, (e) AFM image
in contact mode of 1,12 dodecyldiphosphonic acid 3μm range.
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Table 3.1 Summary of results of modifications of the nitinol oxide surface.
Deposition
Organic Acids

(cm-1)

Rinsed

Sonication

Contact
MALDI
angles

(cm-1)

(cm-1)

(m/z)
(degrees)

Butylphosphonic

Not formed

Octadecylphosphonic (ODPA)

2915 / 2847

2913 / 2846

2913 / 2846

107 ± 3

335.282

Undecylphosphonic (UPA)

2913 / 2845

2914 / 2847

2915/ 2848

109 ± 7

237.162

Octylphosphonic (OPA)

2915 / 2847

2914 / 2848

removed

105 ± 5

195.118

(12-carboxydodecyl)phosphonic

2910 / 2846

2910 / 2846

2913/ 2847

42 ± 4

303.137

(11-hydroxyundecyl)phosphonic

2916 / 2848

2917 / 2848

removed

64 ± 3

275.093

1,12 dodecyldiphosphonic

2914/ 2848

2915/ 2848

2913/ 2847

80 ± 9

331.154

The surface hydrophobicity of the modified substrates was determined by contact
angle measurements. By convention, contact angles were evaluated using water. Larger
contact angles indicate a more hydrophobic surface due to the rounding of the water on
the surface and smaller angles are seen on hydrophilic surfaces.111, 259 As expected, the
methyl terminated SAMs had the largest contact angle of 107°, compared to 46º for the
native surface. This is comparable to methyl terminated SAMs on gold, carboxylic acid
on stainless steel 316L, and phosphonic acid on titanium surface and stainless steel
316L.8, 9, 16, 19 The hydroxyl terminated SAMs were more hydrophilic with a contact
angle of 64º, as were the carboxylic acid terminated SAMs with a contact angle of 42º.
Moreover, the total surface energy increases with the hydrophilicity of the surfaces. 255
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Therefore, we can control the interfacial properties of the surface using the
bifunctional molecules, additionally, the tail groups are presented in a reactive manner.
These polar terminal groups are expected to increase the degree of order in the
monolayer240 and stability of the monolayer. The carboxylic acid terminated monolayers
remained after both rinse and sonication, as predicted; however, the hydroxyl terminated
monolayers were bound to the surface after rinse but not after sonication.
3.4.1.4 Electrochemical Stability
The stability of the organic monolayers and their ability to reduce electrochemical
activity on the surface was analyzed. The samples were placed in a 0.1M NaOH solution
and the potential was scanned from -300 to 700 mV at a scan rate of 50mVs-1 in solution,
which are typical conditions for these studies.199, 201 For comparison, the cyclic
voltammogram of a cleaned but atmospherically oxidized nitinol oxide surface (Figure
3.10a, black line) is superimposed on the modified surface (Figure 3.10a. red line).
During the anodic potential sweep, the clean nitinol surface shows a peak at 0.418V
assigned to the oxidation of the metal and the formation a passive layer of nickel
oxide.153, 154, 237 The samples were scanned 5 times with no change in the size of the
oxidation peak indicating that the monolayers are stable to electrochemical oxidation.
Based on the cyclic voltammograms collected, and calculated on current-potential
intensity relations, in which mean values of the potential and current intensity obtained at
the beginning and the end of the current step were presented. The bare oxide surface has
a charge density of 0.25 mA/cm2 and the modified NiTi surface with ODPA has charge
density of 0.15 mA/cm2 overall through the electrochemical analysis. (Figure 3.10b)
Therefore, the monolayer reduced the electrochemical activity on the surface by 40% at
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a potential of 700mV which is the highest current measured and is the potential at which
the nickel component oxidizes.155, 237 As a result, the oxidation of the nitinol oxide
specially the nickel species has decreased compared to the unmodified substrates.
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Figure 3.10 (a) Cyclic voltammograms for the bare nitinol electrode (black line) and modified by ODPA
monolayers (red line), (b) Current density measurements for the bare nitinol electrode (black line) and
modified by ODPA monolayers (red line), (c) Nyquist plot of bare nitinol surface (black line) and ODPA
modification (red line).

Electrochemical impedance spectroscopy (EIS) provides an effective method for
measuring the film’s resistance to the ionic attack of the underlying the surface and has
been widely used to evaluate the barrier properties of SAMs.136, 137 The Nyquist
impedance plots of bare nitinol and nitinol modified with ODPA SAMs in 0.1 M NaOH
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solution is shown in Figure 3.10c. The capacitive loop is attributed to the relaxation time
constant of the charge-transfer resistance (Rt) whose value is approximately equal to the
diameter of the capacitive loop.136, 151, 260 Here, the value of Rt of the bare nitinol oxide
surface was 5.9 x 103 Ω cm2 (Figure 3.10c black line). Comparing the Nyquist
impedance plot of the bare nickel oxide surface with the SAM coated substrate, the size
of the capacitive loop has increased. This indicates that SAM coated surface has the
better corrosion protection than nitinol oxide surface since larger semicircles (capacitive
loop) in impedance plots represented better corrosion resistance with a RSAM of 1.1 x 104
Ω cm2 (Figure 3.10c-red line). The Rt was expected to increase due to the inhibition of
the electron transfer by the monolayer present on the electrode surface.
The protection efficiency (PE) of a film can be calculated comparing the RCT of
the bare surface and the RSAM of the modified surface in corrosive solution. Using 0.1
mM NaOH as the aqueous solution,136, 260 a PE value of 46% was calculated by the
following equation:
PE (%) = (RSAM- RCT)
x 100 %

(1)

RSAM
3.4.2 Nickel Oxide Surface
Nickel oxide which is 50% of the NiTi composition was modified with 0.35mM
aerosol spraying of ODPA. The position of the peaks in the IR spectrum, after aerosol
spraying, rinsing and sonication were νCH2asym= 2915 cm-1 and νCH2sym= 2848 cm-1 (Figure
3.11a). The IR spectrum of the PO region of the modified substrates shows that ODPA
was bound to the nickel oxide surface in a bidentate manner, as evidenced by the shift
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and broadening of νP=O, νP-O and disappearance of νPOH peak.8, 16 (Figure 3.11d) The PO
region of the bound ODPA (Figure 3.11b-black spectra) contained PO group stretches at
νP=O = 1203 cm-1, and νP-O = 1013 cm-1, while the solid ODPA (Figure 3.11b-gray
spectra) showed peaks for νP=O = 1211 cm-1, νP-O = 1075 cm-1, and νPOH = 947 and 931
cm-1.
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Figure 3.11 (a) IR spectra of ODPA modified nickel oxide formed by aerosol spraying method (0.35mM)
after sonication (νCH2asym 2915 cm-1 and νCH2sym 2848 cm-1), (b) PO region of same with νP=O 1203 cm-1, and
the νP-O 1013 cm-1 (black spectra). The PO region of ODPA solid (grey spectra) is shown overlapping the
PO region of the nickel oxide modified surface, (c) IR spectra of 0.35mM ODPA formed by aerosol
spraying method on nickel oxide one year after being formed (νCH2asym 2916 cm-1 and νCH2sym 2848 cm-1),
(d) Structure proposed of ODPA on the nickel oxide surface in a bidentate binding with the oxide layer.

Contact angle measurements were consistent with the formation of an ordered,
methyl- terminated film on the surface. Modified substrates had a contact angle of 109º ±
70

5 º with water, while control samples had a contact angle of 68° ± 7.
AFM imaging was performed on substrates modified by the 0.35mM solution
aerosol spraying method. The nickel oxide control sample had a rms roughness of 25Å
(Figure 3.12a). Modified samples had a rms roughness of 26Å (Figure 3.12b). A tightly
packed, smooth and uniform film can be seen in the AFM image of the modified sample.
Therefore it is concluded from the AFM results that the adsorbed molecules followed the
topography of the substrate.

a.

b.

Figure 3.12 (a) AFM image of clean nickel oxide (rms roughness=25 Å), (b) AFM images of the nickel
oxide surface after modification with 0.35mM ODPA using aerosol spraying method (rms roughness=26 Å;
Topography, amplitude and phase shown L to R).
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MALDI-TOF spectrum of the substrates after modification contained a peak at
m/z 335.276 corresponding to an ODPA molecule plus H+. No dimer peak was detected.
This data confirms that the film is a monolayer and not a multilayer when deposited by
aerosol spraying deposition using a 0.35mM solution (Figure 3.13).

Figure 3.13 (a) Representative MALDI-TOF spectra of the 0.35mM ODPA monolayer on nickel surface
formed by aerosol spraying method shows mass peaks at m/z 335.276 amu resulting from the monomer
peak, (b) dimeric region which shows no evidence of dimer formation from the surface. Matrix peaks can
be seen in the spectra at m/z 672 amu.

The monolayers formed were analyzed for stability. After rinsing and sonication
in THF, the samples were left under atmospheric conditions and analyzed once per week
for more than a year. The monolayers remained ordered and bound to the surface as
indicated by the lack of change in the DRIFT spectra over the course of one year (Figure
3.11c). Stability to acid and base exposure was tested by rinsing modified substrates in
1M and 6M HCl or NaOH. DRIFT spectra taken after these treatments indicate that the
films remain unchanged. Similarly, modified samples were rinsed with water and
ethanol, with no change observed in the monolayer by DRIFT.
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3.4.2.1 Chain Lengths
Film stability and chain ordering can be dependent on alkyl chain length. In
general, stability and order increase as the chain length increases.18, 98, 245, 247, 261
Monolayer formation utilizing shorter chain phosphonic acids was successful on nickel
oxide but the rigor of the deposition conditions increased with decreasing chain length.
For example, ordered, stable, monolayers were successfully formed using
undecylphosphonic acid by aerosol spraying the substrates twice with a solution
concentration of 0.50mM and drying the substrates at room temperature between aerosol
exposures.
However, in order to form monolayers with octylphosphonic acid, an increase in
concentration and temperature was required. The samples were aerosol sprayed twice
with a solution concentration of 0.75mM and heated to 120°C after each spraying. The
position of the peaks corresponding to νCH2 of octylphosphonic and after rinsing the
substrates with THF were νCH2asym= 2917 cm-1 and νCH2sym= 2848 cm-1 (Figure 3.14a). In
both cases, the infrared spectra were consistent with the formation of an alkyl-chain
ordered monolayer bound to the substrate through a bidentate interaction between the
phosphonic acid and the nickel oxide surface (Figure 3.11b). The films remained intact
after solvent rinsing and sonication.
Decreasing the chain length to four carbons led to the formation of a disordered
but strongly bound film. The substrates were exposed to the aerosol five times (2mM
solution concentration) and heated at 120ºC for 20 minutes after each exposure. The
position of the peaks corresponding to νCH2 after deposition of butylphosphonic and
rinsing the substrates with THF were νCH2asym= 2922 cm-1 and νCH2sym= 2851 cm-1 (Figure
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3.14b). The aerosol deposition conditions to achieve this disordered monolayer were
more rigorous than for the other alkyl chains. The need for the increasing rigor of
deposition conditions to achieve quality monolayer formation is due to the fact that the
shorter chains have less van der Waals interactions to help overcome the energetic
penalties of film formation and therefore, more energy is required to form these short
chain films.

Figure 3.14 (a) IR spectra of Octylphosphonic acid monolayer formed by aerosol deposition method on
nickel oxide after rinsing (νCH2asym 2917 cm-1 and νCH2sym 2848 cm-1) (b) IR spectra of Butylphosphonic
acid film formed by aerosol method on nickel oxide after rinsing (νCH2asym 2922 cm-1 and νCH2sym 2851
cm-1).

Functionalized monolayers were formed on the nickel oxide surface using
hydroxyl and carboxylic acid terminated monolayers. All the modifications performed
on the nickel oxide are shown in a summary chart. (Table 3.2) The modifications were
analyzed after deposition, rinsing and sonication in THF solvent, MALDI-TOF analysis
and contact angles measurements.
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Table 3.2 Summary results modifications performed on the nickel oxide surface using phosphonic acid
head group.

Deposition
Organic Acids

(cm-1)

Rinsed

Sonication

Contact
MALDI
angles

(cm-1)

(cm-1)

(m/z)
(degrees)

Butylphosphonic

2918/ 2849

2922/ 2851

Removed

100 ± 7

138.048

Octylphosphonic (OPA)

2918/ 2848

2917/ 2848

2920/ 2849

110 ± 5

195.189

Undecylphosphonic (UPA)

2914/ 2848

2915/ 2848

2919/ 2848

105 ± 5

237.154

Octadecylphosphonic (ODPA)

2914/ 2847

2914/ 2847

2915 / 2848

109 ± 5

335.276

(11-hydroxyundecyl)phosphonic

2913/ 2848

2913/2848

Removed

69 ± 4

275.087

(12-carboxydodecyl)phosphonic

2912/ 2847

2912/ 2847

2913/ 2847

59 ± 8

303.137

1,12 dodecyldiphosphonic

2916/ 2848

2914/ 2849

2918/ 2849

84 ± 6

331.163

3.4.2.2 Electrochemical Stability
The stability of the organic monolayers and their ability to reduce electrochemical
activity on the surface was analyzed. The samples were placed in a 0.1M NaOH solution
and the potential was scanned from -300 to +600 mV at a scan rate of 50mVs-1 in
solution, which are typical conditions for these studies.154, 237 For comparison, the cyclic
voltammogram of a cleaned but atmospherically oxidized nickel surface (Figure 3.15a,
black line) is superimposed on the modified surface (Figure 3.15a, grey line). During the
anodic potential sweep, the clean nickel surface shows a peak at 0.418V assigned to the
oxidation of the metal and the formation a passive layer of nickel oxide. The samples
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were scanned 5 times with no change in the size of the oxidation peak indicating that the
monolayers are stable to electrochemical oxidation. Based on the cyclic voltammograms
collected, and calculated o current-potential intensity relations, in which mean values of
the potential and current intensity obtained at the beginning and the end of the current
step were presented. (Figure 3.15b) The bare oxide surface has a charge density of 0.25
mA/cm2 and the modified nickel surface with ODPA has charge density of 0.15 mA/cm2
overall through the electrochemical analysis (Figure 3.15b). Therefore, the monolayer
reduced the electrochemical activity on the surface by 40% at 600mV potential in which
is the highest current measured due to the oxygen evolution.155, 237

Figure 3.15 (a) Cyclic voltammograms for the bare nickel oxide electrode (black line) and modified by
ODPA monolayers (gray line), (b) Current density measurements for the bare nickel oxide electrode (black
line) and modified by ODPA monolayers (gray line).

The Nyquist impedance plots of bare nickel oxide and nickel oxide modified with
ODPA SAMs in 0.1 M NaOH solution is shown in Figure 3.16. The capacitive loop is
attributed to the relaxation time constant of the charge-transfer resistance (Rt) whose
value is approximately equal to the diameter of the capacitive loop.136, 151, 260 Here, the
value of Rt of the bare nickel oxide surface was 1.4 x 104 Ω cm2 (Figure 3.16 grey line).
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Comparing the Nyquist impedance plot of the bare nickel oxide surface with the SAM
coated substrate, the size of the capacitive loop has increased, indicating SAM has better
corrosion protection for the nickel oxide surface since larger semicircles (capacitive loop)
in impedance plots represented better corrosion resistance with a RSAM of 2.5 x 104 Ω cm2
(Figure 3.16-black line).136 The Rt is expected to increase due to the inhibition of the
electron transfer by the monolayer present on the electrode surface.

Figure 3.16 Nyquist plot of bare nickel oxide surface (grey line) and ODPA modification (black line).

The protection efficiency (PE) of ODPA on nickel oxide has a value of 45%.10
Previous reports, show that phosphonic acid on iron monolayers surface had a PE of
52%, however they used diphosphonic acid molecules which can increase the corrosion
barrier due to formation of a multimolecular layer on the iron surface.137, 262 The
impedance parameters obtained for nitinol and nickel oxide surfaces are summarized in
Table 3.3.
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Table 3.3 Summary of impedance parameters obtained by nitinol and nickel oxide modified with ODPA.

Rt (Ω cm2)

PE (%)

1.4 x 104

__

ODPA on Nickel Oxide 2.5 x 104

45

Bare Nitinol

5.9 x 103

__

ODPA on Nitinol

1.1 x 104

46

Bare Nickel Oxide

3.4.3 Titanium Oxide Surface
Titanium oxide samples were cleaned and ODPA was deposited by a simple
procedure of aerosol spraying (0.35mM solution in THF). This leads to the spontaneous
formation of a film on the titanium oxide surface. After deposition, rinsing and
sonication in THF solvent, to remove loosely bound material, the samples were
characterized by DRIFT. (Chapter 2; Figure 2.7) Then, AFM imaging was performed on
substrates modified by the 0.35mM solution aerosol spraying method. The titanium
oxide control sample had an rms roughness of 11 Å. Modified samples had an rms
roughness of 12Å.(Chapter 2; Figure 2.8) A tightly packed, smooth and uniform film can
be seen in the AFM image of the modified sample.15 A hydrophilic interface was
prepared using carboxylic acid (-COOH) and hydroxyl (-OH) terminated
alkylphosphonic acid SAMs on the titanium oxide surface. These hydrophilic molecules
have been demonstrated to bond strongly on the metal oxide binding preferentially by the
phosphonic group.24, 49, 76
3.4.3.1 Chain Lengths
Undecylphosphonic acid was used to form monolayers by aerosol spraying the
substrates twice (0.50mM in THF solution) and drying the substrates at room temperature
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in between sprays. The DRIFT spectra of the samples contained peaks at 2917 cm-1 (νCH2
asym)

and 2848 cm-1 (νCH2 sym) in the IR after deposition (Figure 3.17a- black spectra) and

shifted to 2915 cm-1 (νCH2 asym) and 2847 cm-1 (νCH2 sym) after rinsing in THF (Figure
3.17a-red spectra). The PO region of the bound undecylphosphonic acid (Figure 3.17bred spectra) contained PO group stretches at νP=O = 1187 cm-1 and νP-O = 1016 cm-1, while
the solid undecylphosphonic acid (Figure 3.17b- black spectra) showed peaks for νP=O =
1223 cm-1, νP-O = 1106 cm-1, and νPOH = 966 and 939 cm-1. The IR spectrum of the PO
region of the modified substrates shows that UPA was bound to the titanium oxide
surface in a bidentate manner, as evidenced by the shift and broadening of νP=O, νP-O and
disappearance of νPOH peak as previously observed using ODPA.15, 16, 57, 263
MALDI-TOF analysis was completed and a peak at m/z 237.148 (UPA + H+)
corresponding to the monomer was seen in the spectrum (Figure 3.17c).
Undecylphosphonic acid samples have a contact angle= 105° caused by the hydrophobic
tail group as seen in ODPA samples.15, 16 These results are consistent with alkyl-chain
ordered monolayers. This is the first time reported that an odd chain length phosphonic
acid monolayer is used to modify the titanium oxide surface. All the modifications
successfully achieved on titanium oxide surface were summarized in Table 3.4. A
comparison of the data obtained for nitinol, nickel and titanium oxide surfaces is
explained in Chapter 4.
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Figure 3.17 (a) IR spectra of CH region of undecylphosphonic acid (UPA) on titanium oxide surface after
deposition (black spectra) and after rinsing with THF (red spectra), (b) PO region after rinsed, (red spectra)
and the PO region of UPA solid (black spectra), (c) (a) Representative MALDI-TOF spectra of the 0.35mM
UPA monolayer on titanium oxide surface shows mass peaks at m/z 237.148 amu resulting from the
monomer peak.
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Table 3.4 Summary results of modifications performed on the titanium oxide surface using phosphonic
acid head group.

Deposition
Organic Acids

(cm-1)

Rinsed

Sonication

Contact
MALDI
angles

(cm-1)

(cm-1)

(m/z)
(degrees)

Butylphosphonic

Not formed

___

___

___

___

Octylphosphonic (OPA)

2915/ 2847

2916/ 2848

removed

108 ± 5

195.121

Undecylphosphonic (UPA)

2915/ 2848

2916/ 2848

2917/ 2849

105 ± 2

237.148

Octadecylphosphonic (ODPA)

2913/ 2847

2913/2847

2913/ 2847

96 ± 5

335.276

(11-hydroxyundecyl)phosphonic

2914/ 2847

2915/ 2847

removed

69 ± 9

275.087

(12-carboxydodecyl)phosphonic

2912/ 2847

2912/ 2847

2913/ 2847

51 ± 7

303.132

1,12 dodecyldiphosphonic

2915/ 2847

2913/ 2848

2913/ 2848

85 ± 5

331.159

3.4 Conclusion

For the first time, well-ordered SAMs using short and long chain phosphonic
acids were formed on the native oxide of the nitinol and nickel. In addition, the titanium
oxide surface was also modified with phosphonic acid SAMs. SAMs remained intact
after rinsing and sonication and were analyzed by IR. The SAMs formed were found to
be robust and ordered films over long time periods and able to withstand a range of pH,
solvent, and temperature conditions. These strongly bound monolayers were found to
interact with the nitinol surface in a monodentate manner. However, the phosphonic acid
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monolayers interact with the nickel and titanium oxide surfaces in a bidentate manner.
The hydrophilicity of the surfaces was controlled using hydroxyl (OH), carboxylic
acid (COOH) and methyl (CH3) tail groups. DRIFT, contact angle, AFM and MALDITOF were used to characterize the unmodified and modified surfaces. Additionally,
these monolayers are stable over the course of at least one year. The organic monolayers
were tested by electrochemical analysis and the results of this study show that
phosphonic acid monolayers adsorbed on the nitinol and nickel oxide surfaces can reduce
electrochemical activity on the surface, often the first step in corrosion. Monolayer
formation on the native oxide surface of nitinol and nickel oxide is a significant advance
in surface modification of the surfaces and can be used as a building block for future
applications in corrosion barriers, biomaterials and electronics.
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Chapter 4

Characterization of a Variety of Metal Oxides Using
Organic Acid Monolayers

4.1 Introduction
In formation of self-assembled monolayers (SAMs), no preassembly of the
adsorbate molecules is carried out, the substrates are exposed directly to the adsorbate in
the liquid or gas phase and self-assembly takes place naturally.17, 264 These organic films
form spontaneously on the active sites of solid surfaces such as hydroxyl or μ-oxo
groups.17, 23, 101 SAMs consist of a head group that reacts with the substrate, a tail group
that interacts at the outer surface of the film, and a backbone alkyl chain group that
connects the head and the tail groups.264-266 Interactions between backbone groups of the
molecules in a film, such as van der Waals and/ or hydrogen bonding can increase the
ease of SAM formation and contribute to its stability.17, 168, 266 Long chain aliphatic
molecules with head groups such as silanes,102, 158, 247, 266 thiols,20, 21, 23, 33, 48, 155, 267
carboxylic,9, 17, 46, 66, 70, 73, 251 phosphonic,8, 14, 16, 24, 25, 27 sulfonic, 25, 27 and hydroxamic
acids22, 28, 29, 147, 148 have been utilized on a variety of substrates. The choice of head
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group is critical for the stability of SAMs. For oxide substrates, chemisorption of the
molecules is thought to occur via acid-base reactions of the organic acid head group with
the –OH and µ-oxo groups on the oxide surfaces.268 Alternatively, the interaction
between the headgroup and the surface may involve proton transfer or salt formation
between the organic acid and the metal or the molecules may be physically adsorbed to
the surface on the metal.17, 46 Despite a significant number of reports of SAMs on metal
oxides, it is difficult to predict which head groups will result in successful monolayer
formation on a given surface. This has been proven to be even more difficult on alloy
oxides, where little work has been done. In this study, a variety of organic acids were
used to modify oxide surfaces.
In this study several factors will be explored and analyzed in the formation of
SAMs using carboxylic, hydroxamic, and sulfonic acids on nickel oxide, titanium oxide
and nitinol oxide surfaces. The main difference among these organic acids is the head
group acidity; sulfonic is more acidic than hydroxamic or carboxylic acid. However,
additional factors such as the chain lengths, isoelectric points, bond lengths, and head
group sizes were analyzed. Furthermore, the reactivity of the metal oxide surfaces was
evaluated and compared. The modifications on the surfaces were characterized by
infrared (IR), matrix assisted laser desorption ionization spectrometry (MALDI), atomic
force microscope (AFM) and contact angle measurements.
The adsorption and organization of carboxylic acid monolayers on metal oxide
surfaces has been studied.9, 17, 46, 70, 73, 75 One advantage of carboxylic acid monolayers
over other systems is the ability to directly monitor the nature of the interaction between
the head group and the oxide surface via the CO stretches in the infrared spectrum. There
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are two different surface pKa values reported for the carboxylic acid deprotonation: a
pKa value ~ 5 corresponds COOH groups hydrogen-bonded to the interfacial water only,
while a pKa around 9 corresponds to COOH headgroups that are hydrogen-bonded to
each other as seen in organic solvent solutions.31 Phosphonic acids, which have a pKa of
4.5,269, 270 should bind more strongly to metal oxides than carboxylic acids through an
acid-base mechanism.46, 49, 76, 240, 271
Hydroxamic acids are commonly used in agricultural applications such as
pesticides or plant growth promoters.121, 272-274 Hydroxamic acid or its salts are weak
acids that are used as flotation agents due to its strong and selective formation of metal
ion complexes such as iron.273, 275-277 Additionally, hydroxamic acid are used as
inhibitors for copper corrosion and as therapeutic agents.29, 121, 147, 148, 274, 278 This organic
acid is not well studied compared to phosphonic and carboxylic acids in monolayers.
According to Folkers et al, alkanehydroxamic acid monolayers are more stable than
carboxylic or phosphonic acid on metal oxides such as copper, aluminum and iron.28
These films have been shown to have good corrosion inhibition efficiency due to their
well-ordered formation and chain length.22, 29, 148 The acidity of hydroxamic acids, which
have a pKa around 928, 279-281, is due to the resonance between the carbonyl and the
hydroxyl group and therefore, hydroxamic acids are more acidic than carboxylic acids.280
Folkers et al. studied the modification of titanium oxide using alkanehydroxamic acids
and their results suggested that phosphonic acids form more stable monolayers than
hydroxamic or carboxylic acid on TiO2.28
Sulfonic acid has been mainly used as a tail group in monolayer systems of thiols
on gold and silver surfaces.25, 175, 282, 283 Sulfonic acid is known to form hydrogen
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bonding interactions, which can increase the acidity and thus, increase the ability to
participate in the acid-surface interaction.284, 285 The pKa of sulfonic acid is
approximately 2,286 which makes it a stronger acid than hydroxamic, phosphonic and
carboxylic acids. The interaction of sulfonic acid with surfaces is not well studied.
However, the sulfonic acid head group is more acidic than phosphonic acid but the
sulfonic acid monolayers are not stable under high temperatures.25, 27

4.2 Experimental Section
4.2.1 Methods and Materials
Octadecanehydroxamic acid was synthesized as previously reported.28 Octanoic
acid (99.5% purity), tetradecanoic acid (99% purity), pentadecanoic acid (99% purity),
hexadecanoic acid (99% purity), octadecanoic acid (95% purity), 12-bromododecanoic
acid (97% purity), 12-aminododecanoic acid (95% purity), 12-hydrododecanoic acid
(97% purity), 16-hydrohexadecanoic acid (98% purity), tetradecanedioic acid (99%
purity), octanohydroxamic acid, potassium salt, octadecanoyl chloride (97% purity), and
O-benzylhydroxylamine hydrochloride (99% purity) were obtained from Sigma Aldrich
and used without further purification. Heptadecanoic acid (98% purity),
perfluorooctadecanoic acid (97% purity), 1-octanesulfonic acid sodium salt monohydrate
(99% purity), and sodium 1-undecanesulfonate (98% purity) were obtained from Alfa
Aesar and used without further purification. Sodium 1-octadecanesulfonate (97% purity)
was obtained from Fluka and nonadecanoic acid (99% purity) was obtained form TCI.
Sulfonic acid compounds were acidified using hydrochloric acid and sodium hydroxide.
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Hydrochloric acid (Certified ACS Plus,) was purchased from Fisher Scientific without
further purification. Nitinol foils (51% nickel: 49 % titanium; 0.008” thickness, >99.0 %
purity) were purchased from Johnson Matthey, Inc. Nickel and titanium foils (0.25mm
thickness, > 99.0 % purity) were purchased from Goodfellow Inc.
4.2.2 Preparation of the Substrates
Substrates were cut into 1 x 1 cm squares, sanded (220, 320 and 400 grit
sandpaper) and then polished (Buehler Ecomet 4 mechanical polisher) using sandpaper
of 400, 800, 1200 grits and 1μm diamond suspension. The substrates were rinsed with
acetone and methanol and cleaned by ultrasonication in acetone for 1 hour. The
substrates were then rinsed with acetone and stored in the oven at 90° C for 30 minutes –
1 hour. The substrates were rinsed again in acetone and stored under vacuum overnight
(0.1 Torr).
4.2.3 Formation of Monolayers
Monolayers were formed by spraying the solutions of organic acid in dry
tetrahydrofuran (THF) distilled over Na and stored under argon using an aerosol sprayer
onto the metal substrates. (TLC sprayer, Sigma Aldrich and N2) (Figure 4.1) A 0.75mM
solution of octadecanesulfonic acid was used to spray the substrates twice. The samples
were allowed to dry at room temperature. A 1.5mM solution of octadecanehydroxamic
acid was used to spray the substrates 3 times which were dried between sprays in the
oven at 120°C for 20 minutes each time. A 1mM solution of perfluorooctadenoic acid
was used to spray the substrates twice and dried between sprays at room temperature. A
0.75mM solution of octadecanesulfonic acid was used to spray the samples twice and
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dried between sprays at room temperature. A 2 mM solution of octanoic, octadecanoic
12-aminododecanoic, tetradecanoic, pentadecanoic, hexadecanoic, heptadecanoic, 12hydrododecanoic, octanesulfonic, undecanesulfonic and octanehydroxamic acids were
sprayed 5 times and dried between sprays in the oven at 120°C. A 1.5 mM solution of

tetradecanedioic and octadecanehydroxamic acids were sprayed 3 times and dried
between sprays at room temperature. 1.5 mM solutions of 16-hydrohexadecanoic and
12-bromododecanoic acids were sprayed 4 times and then dried between sprays in the
oven. A 0.75mM solution of octadecanesulfonic acid was sprayed 2 times and the
substrates were allowed to dry between sprays at room temperature. After modification,
all samples were rinsed with THF for 15 minutes and then stored under vacuum overnight
(0.1 Torr). The samples that survived the rinsed test were sonicated in THF for 10
minutes or tape tested using Scotch tape #234, which has an adhesion to steel strength of
37oz/in.

Figure 4.1 Diagram of the aerosol sprayer using for all surface modifications.

4.2.4 Characterization of the Monolayers
Monolayer formation was analyzed using Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFT; Thermo Nicolet-NEXUS 470 FT-IR). The contact
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angle measurements (VCA Optima Goniometer Instrument) were used to analyze the
hydrophobicity of the surface. Atomic force microscopy (AFM) was used to characterize
the surface topography before and after the formation of the organic films. AFM imaging
(Molecular Imaging, Pico SPM) of the samples was performed in non-contact mode at
ambient conditions using silicon tips.
Atmospheric pressure matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (AP MALDI-TOF MS) was used to analyze the monolayer formation.
A high resolution AP MALDI TOF MS (Agilent Tech.) with pulsed dynamic focusing
was used. MS analyses of the ions were detected in positive mode using a 337 nm N2
laser, pulse width of 20 ns, a capillary voltage of 3500 V, fragmentor voltage of 260 V,
skimmer voltage of 40 V and drying temperature of 325º C. MALDI preparation was
done by the dried-drop method as explained in Chapter 2.

4.3 Results and Discussion
4.3.1 Hydroxamic Acid
4.3.1.1 Nitinol Surface
Modification of nitinol was attempted with an octanohydroxamic acid, however
the monolayers were not observed. This could be a result of the weak van der Waals
forces between the eight carbon alkyl chains in the monolayers. As a result,
octadecanehydroxamic acid (ODHA) was synthesized to see if the stronger van der
Waals interactions would increase the adhesion to and stability on the surface.28 A
solution of 1.5 mM ODHA was deposited by aerosol spraying. After deposition, rinsing
and sonication, to remove loosely bound material, the samples were characterized by
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DRIFT. In the spectra of the modified substrates, the C-H stretches of the methylene
group are used as the reference peaks for SAM organization.17, 66, 106 In this study, the
position of the peaks corresponding to νCH2 after rinsing with THF were νCH2 asym= 2915
cm-1 and νCH2 symm= 2848 cm-1, showing that a strongly bound and ordered film is present
(Figure 4.2a). The modification was removed from the surface after sonication. The
contact angle measurements of the modified surface is consistent with the formation of a
hydrophobic interface, with a water contact angle of 103° ± 3, when compared to the
control sample’s contact angle with water (46°). After sonication in THF, the molecules
were removed from the surface.
The nature of the interaction between the molecules and the surface can be can be
determined from the shifts and broadening of νC=O, νN-O, and νN-H, indicating a change in
head group bonding.16, 136 Specifically, the CO and NH region of the ODHA solid shows
νN-H= 3252 and 1565 cm-1, νC=O= 1660 cm-1, and νN-O= 1080 cm-1. (Figure 4.2b-black
spectra) In contrast, the CO and NH region of the bound ODHA contained stretches at
νN-H= 1556 cm-1, and νN-O= 1067 cm-1 and a peak at 1167 cm-1 appeared attributed to νC-O.
(Figure 4.2b-red spectra) The IR spectrum of the CO and NH region of the modified
substrates shows that ODHA was bound to the nitinol surface in a bidentate manner, as
evidenced by the shift to lower frequency of νN-H, νN-O, the appearance of νC-O and
absence of νC=O peak (Figure 4.2c). Alternatively, the molecules could be bonding to
each other in a multilayer/micelle fashion leading to a multiple binding motifs seen in the
IR shifts.
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Figure 4.2 IR spectra of ODHA on nitinol surface (a) CH region after rinsed (b) CO region after
deposition, (red spectra) and the PO region of ODHA solid (black spectra). (c) The CO and NH region of
the IR spectra indicates a bidentate orientation of the acid on the nitinol oxide surface as shown.

AFM images of the surface were obtained before and after the formation of
ODHA monolayer and after rinsing with THF. The rms roughness of the control and
modified substrates were compared. Modified surfaces with a similar rms roughness to
the control surface are considered to be films of monolayer height that follow the contour
of the surface, while modified surfaces that have a much larger rms roughness than the
control are multilayer or nonuniform films.15, 244 The samples were scanned over a 1µm2
region. AFM analysis showed that films formed but that the molecules are not covering
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the surface. The rms roughness of the control and modified substrate were 14 Å and 75
Å, respectively (Figure 4.3a and 3b). These values and the images clearly indicate that
the surface has non-uniform or multilayer coverage. In a multilayer sample, islands of
agglomerate layers can be observed and the surface is not homogeneously covered.
These images are correlated to the contact angle values obtained of ODHA on nitinol
which are lower than those expected for a hydrophobic surface. It was concluded that
ODHA is weakly bound or not covering the nitinol surface uniformly by forming
surfactants or micelles.

a.

b.

Figure 4.3 (a) AFM image of clean NiTi (rms roughness=14 Å), (b) NiTi surface after modification with
ODHA and rinsed with THF (rms roughness=75Å) in amplitude, topography, and phase.

Analysis of the SAMs using MALDI-TOF reveals peaks at m/z 322.262
corresponding to a sodiated ODHA acid monomer on the nitinol surface. (Figure 4. 4)
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Mass spectrometer analysis using the electrospray was performed on the ODHA solid
(MW 299.28 g/mol) and the spectrum contains the sodiated monomer (322.272 + Na+).
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Figure 4.4 MALDI-TOF spectra of the monomer region of octadecanehydroxamic acid SAMs on NiTi at
m/z 322.262.

4.3.1.2 Nickel Oxide Surface
Nickel oxide samples were cleaned and octadecanehydroxamic acid (ODHA) was
deposited by aerosol spraying (1.5 mM solution in THF). The position of the peaks
corresponding to νCH2 after rinsed with THF were νCH2 asym= 2916 cm-1 and νCH2 symm=
2848 cm-1, indicating that an ordered film is present. (Figure 4.5a) The modification was
removed from the surface after sonication. The contact angle measurement of the
modified surface is consistent with that of a hydrophobic surface, with a water contact
angle of 100° ± 4, when compared to the control sample’s contact angle with water (46°).
The CO and NH region of the ODHA solid shows νN-H= 3252 and 1565 cm-1, νC=O= 1660
cm-1, and νN-O= 1080 cm-1. (Figure 4.5b-black spectra) In contrast, the CO and NH
region of the bound ODHA contained stretches at νN-H= 1557 cm-1, and νN-O= 1046 cm-1.
(Figure 4.5b-red spectra) A new peak appeared at 1184 cm-1which corresponds to νC-O
frequency. The IR spectrum of the CO and NH region of the modified substrates shows
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that ODHA was bound to the nitinol surface in a bidentate manner, as evidenced by the
shift to lower frequency of νN-H, νN-O, the appearance of νC-O frequency and disappearance
of νC=O peak. (Figure 4.2c)
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Figure 4.5 IR spectra of ODHA on nickel oxide surface (a) CH region after rinsed, (b) CO region after
deposition, (red spectra) and the CO region of ODHA solid (black spectra).

4.3.1.3 Titanium Oxide Surface
Titanium oxide samples were modified using a 1.5 mM solution of ODHA and
then rinsed with THF. The positions of the peaks corresponding to νCH2 after rinsing with
THF were νCH2 asym= 2915 cm-1 and νCH2 symm= 2848 cm-1, showing an ordered film is
present. (Figure 4.5a) The modification was removed from the surface after sonication.
The contact angle measurements of the modified and rinsed surface is consistent with that
of an ordered surface and indicates complete coverage of the surface, with a water
contact angle of 101° ± 3, when compared to the control sample’s contact angle with
water (46°). The CO and NH region of the ODHA solid shows νN-H= 3252 and 1565 cm1

, νC=O= 1660 cm-1, and νN-O= 1080 cm-1. (Figure 4.6b-black line) In contrast, the CO and

NH region of the bound ODHA contained stretches at νN-H= 1564 cm-1, νC=O= 1707 cm-1,
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and νN-O= 1105cm-1. (Figure 4.6b-red line) The IR data shows an upshift of the N-O peak
that is characteristic of the adsorption of protonated hydroxamic acid on titanium oxide
surface.287
The titanium oxide surface was previously modified by the Whitesides group.28
Using XPS analysis, they confirmed that hydroxamic acid was bound on the titanium
oxide surface on a protonated hydroxamic acid with hydrogen bonding interactions.
(Figure 4.6c) Infrared analysis of the alkyl chain ordering was not clear although
Whitesides group concluded that hydroxamic acid was in a trans conformation with some
disordered chains.28 Our results are consistent with their IR work concerning ordering
and binding of the film. Our film was removed by sonication which they did not attempt.
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Figure 4.6 IR spectra of ODHA on titanium oxide surface (a) CH region after rinsed, (b) CO region after
deposition, (red spectra) and the CO region of ODHA solid (black spectra), (c) the IR spectra indicates a
hydrogen bonding of the acid on the titanium oxide surface.
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Table 4.1 Hydroxamic acid head group modifications on metal oxide surfaces. Infrared data is shown after
rinsing with THF.
Octadecanehydroxamic
Oxide
Octanehydroxamic
Surfaces

Rinse

Contact
angles(º)

Nitinol

No deposition

2916/ 2848

103 ± 3

2916/ 2848

100 ± 4

2915/ 2848

101 ± 3

2914/ 2848
Nickel
Removed after rinse
Titanium

No deposition

4.3.2 Sulfonic Acid
4.3.2.1 Nitinol Oxide Surface
NiTi samples were cleaned and exposed to octanosulfonic acid. Deposition was
not successful and monolayers of octanosulfonic acid did not form. The alkyl chain
length was increased to 11 carbons (undecanosulfonic acid) and after deposition and THF
rinse, the IR spectrum indicated the presence of ordered films. (Table 4.2) NiTi was also
modified with octadecanesulfonic acid (ODSA) by aerosol spraying using a 0.75mM
solution in THF. After deposition and rinsing, the samples were characterized by DRIFT.
(Figure 4.7) The position of the peaks corresponding to νCH2 after rinsing were νCH2 asym=
2915 cm-1 and νCH2symm= 2849 cm-1, showing that an ordered film is present (Figure 4.7a).
However, the modifications were removed upon sonication in THF for 5- 10 minutes.
The contact angle measurement of the modified surface with water was 89 ± 8°,
compared to the control sample’s contact angle with water (46°). This value was lower
than expected due; methyl terminated surfaces are expected to have contact angles >
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100°.8, 14, 16, 28, 110, 113
To analyze the bonding between sulfonic acid and the nitinol surface, infrared
data was collected and analyzed focusing on the O=S=O vibrations (1600-800 cm-1).
(Figure 4.7b) The SO region of the ODSA solid shows νSOasym= 1178 cm-1, νSOsym = 1059
cm-1, νSOH= 946 cm-1 and νC-S= 794 cm-1. (Figure 4.7b-black spectra) In contrast, the SO
region of the ODSA bound on the nitinol surface shows νSOasym= 1171 cm-1, νSOsym =
1066 cm-1, and νC-S= 803 cm-1. (Figure 4.7b- red spectra) The IR spectrum of the SO
region of the modified substrates shows that ODSA was bound to the nitinol surface by
an acid-base reaction between the hydroxyl of the surface and the sulfonic groups
forming a sulfonate group. This is evidenced by the shift of νSOasym to a lower frequency,
which was assigned to the presence of “hydronium sulfonate salts” and the disappearance
of the νSOH peak.25, 283 Two structures are proposed for sulfonic acid on the nitinol
surface, one sulfonate is a monodentate motif on the surface, and the other structure is
bidentate with a partial double bond between sulfur and oxygen. The latter is favored due
to the shifting of νSOsym to higher frequency values and νSOasym to a lower frequency
value. This would also stabilize the bonding equilibrium on the surface (Figure 4.7c).
Moreover, the νSOsym peak of the modified substrates is wider than the solid indicating
multiple S-O bonds strengths, therefore supporting the proposal of the
bidentate structure.
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Figure 4.7 IR spectra of ODSA on nitinol surface (a) CH region after rinsed, (b) SO region after
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Analysis of the SAMs using MALDI-TOF (Figure 4.8) reveals peaks at m/z
379.224 corresponding to the ODSA acid monomer with two sodium atoms on the nitinol
surface. Mass spectrometer analysis using the electrospray was performed on the ODSA
control (MW 334.25 g/mol) and the spectrum contains the monomer peak with two
sodium atoms (379.238 m/z +2 Na+).
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Figure 4.8 MALDI-TOF spectra of the monomer region of octadecanesulfonic acid SAMs on NiTi at m/z
379.224.

AFM imaging was used to further characterize monolayer formation. The nitinol
control sample had an average rms roughness of 14Å. (Figure 4.3a) Modified samples
with monolayers, after rinsing with THF, had an rms roughness of 15Å. (Figure 4.9)
Tightly packed SAMs can be seen in the AFM image of the modified sample with no
aggregates, pinholes or island formation. Therefore it is concluded that the film followed
the homogeneously contour of the sample with a single layer of molecules.

Figure 4.9 NiTi surface after modification with ODSA and rinsed in THF (rms roughness=15Å) in
amplitude, topography, and phase images.
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4.3.2.2 Nickel Oxide Surface
Nickel oxide samples were modified with octadecanesulfonic acid (ODSA) using
a 0.75mM solution in THF. After deposition and rinsing, the samples were characterized
by DRIFT. The position of the peaks corresponding to νCH2 after rinsing were νCH2 asym=
2918 cm-1 and νCH2 symm= 2848 cm-1, indicating that an ordered film is present. The
modifications were removed upon sonication in THF for 5- 10 minutes. The contact
angle measurement of the modified surface with water is 93± 8°, when compared to the
control sample’s contact angle with water of 46°. This value is not as high as expected
for methyl terminated SAMs, which are usually higher than 100º.8, 14, 16, 28, 110, 113
To analyze the bonding between sulfonic acid and the nickel oxide surface, the
SO region of the IR spectra was analyzed. The SO region of the ODSA solid shows
νSOasym= 1178 cm-1, νSOsym = 1059 cm-1, νSOH= 946 cm-1 and νC-S= 794 cm-1. In contrast,
the SO region of the ODSA bound on the nickel oxide surface shows νSOasym= 1174 cm-1,
νSOsym = 1066 cm-1, νC-S= 798 cm-1. The IR frequency values of the SO region of the
modified substrates shows that ODSA was bound to the nickel oxide surface by the
formation of mostly hydrogen bonds.

4.3.2.3 Titanium Oxide Surface
A solution of 0.75mM octadecanesulfonic acid (ODSA) was used to modify the
titanium oxide surface. After deposition and rinsing, the samples were characterized by
DRIFT. The position of the peaks corresponding to νCH2 after rinsing were νCH2 asym=
2916 cm-1 and νCH2 symm= 2845 cm-1, showing an ordered film is present. The
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modifications were removed upon sonication in THF for 5- 10 minutes. The contact
angle measurement of the modified surface is 82± 18°. The standard deviation is higher
than for the nickel and nitinol oxide modified surfaces and can be concluded that there
was nonuniform monolayer formation of ODSA on titanium oxide surface.
The SO region of the IR spectrum was analyzed to propose the bonding between
sulfonic acid and the titanium oxide surface. The SO region of the ODSA solid shows
νSOasym= 1178 cm-1, νSOsym = 1059 cm-1, νSOH= 946 cm-1 and νC-S= 794 cm-1. In contrast,
the SO region of the ODSA bound on the nickel oxide surface shows νSOasym= 1226 cm-1,
νSOsym = 1061 cm-1, νSOH= 885 cm-1 and νC-S= 799 cm-1. (Figure 4.10a) The IR frequency
values of the SO region of the modified substrates indicates that ODSA was hydrogen
bonded to the nickel oxide surface because the peak assigned to νSOH is still observed.
(Figure 4.10b)
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Figure 4.10 IR spectra of ODSA on the titanium oxide surface (a) SO region after deposition, (red spectra)
and the SO region of ODSA solid (black spectra), (b) the IR spectra indicates bidentate of the sulfonate or
hydrogen bonding.
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Table 4.2 Sulfonic acid head group modifications on metal oxide surfaces. Infrared data is shown after
rinsing with THF.
Octadecanesulfonic
Oxide
Octanesulfonic

DRIFT after

Undecanesulfonic

Surfaces

Contact

MALDI

angles(º)

(m/z)

Rinsing
(cm-1)

Nitinol

__

2915/ 2850

2915/ 2849

89 ± 8

379.224

Nickel

__

__

2918/ 2848

93 ± 8

379.224

Titanium

__

__

2916/ 2845

82 ± 18

379.207

4.3.3 Carboxylic Acid
4.3.3.1 Chain Lengths
Chain ordering increases as the chain length of the alkyl-headgroup backbone
increases.12, 18, 245 Therefore, long alkyl chains, >12 carbons, are commonly used in the
formation of SAMs.17, 18, 246, 247 Disorder, or lack of formation, is generally found in films
utilizing short chain molecules. Here, the alkyl chain length of the carboxylic acid was
varied from C8, C14, C15, C16, C17, C18, C19 and then used to form films on the metal oxide
surfaces. All the acids were sprayed onto the metal oxide surfaces using 2mM solutions
and then rinsed to eliminate any weakly physisorbed molecules. Table 4.3 summarizes
the results obtained using a carboxylic acid head group. The carboxylic acids with chain
lengths of 8, 14 and 15 carbons were not able to form films on the surfaces.
4.3.3.2 Nitinol Surface
NiTi samples were cleaned and modified with heptadecanoic acid (17 carbons)
(HDCA) by aerosol spraying using a 2mM solution in THF. After deposition and rinsing,
the samples were characterized by DRIFT. (Figure 4.10) The position of the peaks

102

corresponding to νCH2 after rinsing were νCH2 asym= 2918 cm-1 and νCH2 symm= 2848 cm-1,
indicating that an ordered film was present. (Figure 4.11a) The modifications were
removed upon sonication in THF for 5- 10 minutes. The CO region of the heptadecanoic
acid solid IR shows νC=O= 1702 cm-1, νCH= 1471 cm-1, and νC-O= 1202 cm-1(Figure 4.11bblack spectra). In contrast, the CO region of the bound heptadecanoic acid contained
stretches at νCO= 1626 cm-1, νCOH= 1394 cm-1and νCO= 1204 cm-1 (Figure 4.11b-red
spectra). The CO region IR spectrum of the modified substrates indicates that
heptadecanoic acid was hydrogen bonded to the surface, as evidenced by the shift of the
νCO, νCOH and νCO peaks. (Figure 4.11c)
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Figure 4.11 IR spectra of heptadecanoic acid on nitinol surface (a) CH region after rinsed, (b) CO region
after modified, (red spectra) and the CO region of heptadecanoic acid solid (black spectra), (c) the IR
spectra indicates a monodentate binding (structure A) or hydrogen bonding (structure B).
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When the chain length was increased to C18 or C19 the modifications were not able
to resist the rinse with THF and the molecules were removed from the surface. Usually,
odd chain lengths are incapable of forming closely packed SAMs because the interaction
between the molecules decreases.248
4.3.3.2.1 Tail Groups
SAM formation can be affected by tail group functionality, which can also be
used to control the wettability of the surface.35, 42, 44, 47 Hydrogen bonding between
terminal groups in SAMs is thought to contribute to the stabilization of monolayers in
amino, hydroxyl- and carboxylic acid-terminated monolayers.49 Here, the stability of the
organic films was increased by using hydroxyl and carboxylic acid -terminated
monolayers but not bromo terminated monolayers. The bromo terminated monolayers
form poor monolayers due to the large tail group leading to the repulsion of neighboring
tails groups, and thus alkyl chains. Hydroxyl and carboxylic acid terminated monolayers
can form hydrogen bonding interactions that stabilize the monolayers and that is not
possible with the bromo terminated monolayers.
Nitinol samples were modified with tetradecanedioic acid (di-COOH-carboxylic
acid terminated monolayer) using a 1.5mM solution in THF. After deposition, rinsing,
and sonication, the samples were characterized by DRIFT. The position of the peaks
corresponding to νCH2 after sonication were νCH2 asym= 2913 cm-1 and νCH2 symm= 2846 cm1

, indicating that an ordered and strong film is present (Figure 4.12a). The CO region of

the di-COOH solid shows νC=O= 1688 cm-1, νCH= 1409 cm-1, and νC-O= 1219 cm-1(Figure
4.12b-black spectra). In contrast, the CO region of the bound di-COOH contained
stretches at νCOsym= 1444 cm-1, and νCOH= 1259 cm-1 and a peak appeared at 1584 cm-1
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which is assigned to νCOasym. (Figure 4.12b-red spectra) The IR spectrum of the CO
region of the modified substrates shows that di-COOH was bound to the nitinol surface in
a bidentate manner, as evidenced by the appearance of νCOasym and absence of νC=O peak.
The difference between the asymmetric and symmetric band can indicate the binding to
the metal oxide surface.46, 104, 251 Here, the Δν is 140 cm-1 which is considered to be the
result of a bridging bidentate bond motif. (Figure 4,12c) However, Allara has postulated
that when a hydrophilic tail and head group are present, both will adsorb onto the metal
oxide surface creating looping structures11. (Figure 4.12c) As we have observed in
diphosphonic acid, the di-COOH is strongly bound to the surface in a looping manner,
increasing the stability of the molecules on the surface (Chapter 3).
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Figure 4.12 (a) IR spectra of tetradecanedioic acid (di-COOH) on nitinol surface after sonication in THF,
(b) IR of PO region of the solid 1,12 dodecyldiphosphonic acid, (c) Structure proposed of tetradecanedioic
acid (di-COOH) on the nitinol surface in a bridging binding with the oxide layer.
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Analysis of the SAMs using MALDI-TOF (Figure 4.13) reveals a peak at m/z
281.162, corresponding to the sodiated tetradecanedioic acid (di-COOH) monomer on the
nitinol surface. (Figure 4.13) Mass spectrometer analysis using the electrospray was
performed on the ODSA solid (MW 258.18 g/mol) the spectrum contained the sodiated
monomer at 281.176 m/z + Na+.
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Figure 4.13 MALDI-TOF spectra of the monomer region of tetradecanedioic acid (di-COOH) SAMs on
NiTi at m/z 281.162.

4.3.3.2.2 Perfluoroalkanoic
NiTi oxide samples were modified with perfluorooctadecanoic acid (PFA) by
aerosol spraying using a 1mM solution in THF. After deposition and rinsing, the samples
were characterized by DRIFT as seen in Figure 4.14. The asymmetric and symmetric
CF2 stretches are observed, νCF2 asym= 1208 and νCF2 symm= 1148 cm-1, indicative of a
bound film on the surface (Figure 4.14a). The modifications were removed upon
sonication in THF for 5- 10 minutes. The perfluorooctadecanoic acid solid shows νC=O=
1685 cm-1, νCF2 asym= 1198 cm-1 and νCF2 sym= 1147 cm-1. (Figure 4.14a-black spectra) In
contrast, upon adsorption of perfluorooctadecanoic acid on the nitinol surface the stretch

106

for νC=O shifted to 1650 cm-1 and νCOsym appeared at 1559 cm-1. (Figure 4.14a-red spectra)
The IR spectrum of the CO region of the modified substrates shows that PFA was bound
to the nitinol surface in a monodentate manner or hydrogen bonded. (Figure 4.14b) The
contact angle measurements of the modified surface are consistent with that of a
hydrophobic surface, with a water contact angle of 99° ± 7, compared to the control
sample’s contact angle with water (46°). However, perfluorocarbon modifications have
been shown to have a greater (>120º) contact angle with water than the methylterminated alkyl SAMs.52, 68, 264-266 Contact angles are sensitive to the orientation of the
organic film on the surface and therefore, in well-ordered SAMs the methyl terminated
group of the alkyl chain is oriented outward, reducing the access of the water to the
surface. The perfluorocarbon chains adopt a helical conformation and consequently
larger cross sections compared to a simple alkyl chain. It has been observed that films
consisting of a long backbone of CF2 units might increase the stability shown by the
chain-chain interactions.268 Here, although the chains are strongly bound to the surface
after rinsing with THF, the molecules formed aggregates or pinholes, in which the water
can penetrate into the SAM and therefore the monolayers were removed after sonication.
This leads to the low contact angle as well the high standard deviation.68
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Figure 4.14 (a) IR spectra of perfluorooctadecanoic acid (PFA) on nitinol surface after rinsing with THF,
(b) Structure proposed of perfluorooctadecanoic acid (PFA) on the nitinol surface hydrogen bonding with
the oxide layer.

Other carboxylic acids with different terminal groups were used to modify the
NiTi surface and the resulting data are summarized in Table 4.3. Hydroxyl and amino
terminated monolayers were bound strongly and remained after rinsing with THF. To
better understand the bonding affinity of the hydroxyl and amine group, octadecanol and
octadecylamine were deposited on the NiTi surface. However, there was no evidence of
organic moities on the surface after deposition. These terminal (hydroxyl and amine,
bromo and carboxyl) groups can be further used to perform reactions at the interface for
specific applications such as protein, cell adhesion and polymer grafting.35, 174, 215, 288-293
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Table 4.3 Summary of results of modifications performed on the nitinol oxide surface.

Organic Acids

Deposition
(cm-1)

Rinsed
(cm-1)

Octanoic

Not formed

Tetradecanoic

Not formed

Pentadecanoic

Not formed

Hexadecanoic

2922/ 2851

Removed

Heptadecanoic

2915/ 2846

2918/ 2849

Octadecanoic

2913/ 2849

Removed

Nonadecanoic

2923/ 2851

Removed

12-bromododecanoic

2913/ 2847

Removed

12-aminododecanoic

2913/ 2846

12-hydroxydodecanoic

Sonication/
Taped
-1

(cm )

Contact
angles
(degrees)

Bonding

Removed

H bonding

2914/ 2846

Removed

Monodentate

2911/ 2846

2911/ 2846

2910/ 2845

70 ± 3

Monodentate

16-hydroxyhexadecanoic

2913/ 2847

2913/ 2846

2916/ 2848

77 ± 4

Bidentate

Tetradecanedioic

2914/ 2846

2914/ 2846

2913/ 2846

73± 6

Perfluorooctadecanoic

1201/ 1147

1202/ 1148

Removed

Bidentate/
Looping
Bidentate

4.3.3.3 Nickel Oxide Surface
Nickel oxide samples were cleaned and modified with heptadecanoic acid
(HDCA) using a 2mM solution in THF. After deposition and rinsing, the samples were
characterized by DRIFT. The position of the peaks corresponding to νCH2 stretches after
rinsing were νCH2 asym= 2920 cm-1 and νCH2 symm= 2849 cm-1, respectively, indicating that a
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disordered film is present. The modifications were removed upon sonication in THF for
5- 10 minutes. The CO region of the bound heptadecanoic acid contained stretches at
νC=O= 1739 cm-1, νCOH= 1394 cm-1and νCO= 1243 cm-1. Additionally, a new peak
appeared at 1569 cm-1 νCOsym. The IR spectrum of the CO region of the modified
substrates shows that heptadecanoic acid may be bound to the nickel oxide surface in a
monodentate/ H-bonding manner, as evidenced by the appearance of νCOasym and a shift to
higher frequency values for the νC=O peak. The weak bonding is evidenced by the
disordering of the film after rinsing with THF and removal after sonication.
The chain length was also increased to 18 and 19 carbons. The molecules were
not able to remain after rinsing with THF using an18 carbon chain and were disordered
using a 19 carbon chain.
4.3.3.3.1 Tail Groups
Nickel oxide samples were modified with 16-hydroxyhexadecanoic acid (16OH) by aerosol spraying using a 1.5mM solution in THF. After deposition, rinsing, and
sonication the samples were characterized by DRIFT. The position of the peaks
corresponding to νCH2 after sonication were νCH2 asym= 2915 cm-1 and νCH2 symm= 2848 cm1

, shows that an ordered and strongly-bound film is present. The CO region of the 16-OH

solid shows νC=O= 1681 cm-1, νCH= 1469 cm-1, and νOH bend= 1309 cm-1. In contrast, the
CO region of the bound 16-OH contained stretches at νC=O= 1630 cm-1 and νCH=1400 cm1

. Here, the Δν is 230 cm-1, which is considered to be a monodentate binding to the nickel

oxide surface.
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4.3.3.3.2 Perfluoroalkanoic
The nickel oxide surface was modified using a 1mM solution of
perfluorooctadecanoic acid (PFA) in THF. The asymmetric and symmetric CF2 stretches
are observed at νCF2 asym= 1208 and νCF2 symm= 1151 cm-1, respectively, showing a strongly
bound film, which remains after sonication in THF. The perfluorooctadecanoic acid solid
shows νC=O= 1685 cm-1, νCF2 asym= 1198 and νCF2 symm= 1147 cm-1(Figure 4.15a-black
spectra). Upon adsorption of perfluorooctadecanoic acid on the nickel oxide surface, the
stretch was shifted to νC=O = 1688 cm-1(Figure 4.15a-red spectra). The Δν (263 cm-1)
value measured is consistent with the formation of monodentate binding (> 200 cm-1) on
the nickel oxide surface. (Figure 4.15b) The contact angle measurements of the modified
surface are consistent with that of a hydrophobic surface, with a water contact angle of
110° ± 8. It was observed that PFA is more strongly bound on the nickel oxide surface
than the nitinol surface indicated by the fact that the films remained after sonication and
the contact angles were hydrophobic as expected.
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Figure 4.15 (a) IR spectra of perfluorooctadecanoic acid (PFA) on nickel oxide surface after sonication in
THF, (b) Structure proposed perfluorooctadecanoic acid (PFA) on the nickel oxide surface in a
monodentate binding with the oxide layer.
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Table 4.4 Summary of results of modifications performed on the nickel oxide surface.

Organic Acids

Deposition
(cm-1)

Rinsed
(cm-1)

Sonication/
Taped
-1

(cm )

Contact
angles
(degrees)

Binding

Octanoic

Not formed

Tetradecanoic

Not formed

Pentadecanoic

Not formed

Hexadecanoic

Not formed

Heptadecanoic

2918/ 2848

2920/ 2849

Octadecanoic

2914/ 2848

Removed

Nonadecanoic

2923/ 2852

2924/ 2852

Removed

12-Bromododecanoic

2912/ 2847

2913/ 2849

Removed

Monodentate

12-Aminododecanoic

2914/ 2846

2915/ 2846

Removed

Monodentate

12-Hydroxydodecanoic

2911/ 2846

2912/ 2846

2913/ 2845

71 ± 4

Bidentate

16-Hydroxyhexadecanoic

2914/ 2848

2915/ 2849

2915/ 2848

77 ± 3

Bidentate

Tetradecanedioic

2915/ 28247

2914/ 2847

2914/ 2847

75 ± 1

Bidentate

Perfluorooctadecanoic

1203/ 1149

1205/ 1150

1208/ 1151

110 ± 8

Monodentate

Monodentate/
H bonding

Removed

4.3.3.4 Titanium Oxide Surface
Titanium oxide samples were cleaned and modified with heptadecanoic acid
(HDCA) by aerosol spraying using a 2mM solution. After deposition and rinsing, the
samples were characterized by DRIFT. The position of the peaks corresponding to νCH2
after rinsing were νCH2 asym= 2918 cm-1 and νCH2 symm= 2849 cm-1, showing a mostly
heterogeneous film with gauche/ trans conformation and therefore, the films were
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removed upon sonication in THF for 5- 10 minutes. The CO region of the bound
heptadecanoic acid contained stretches at νCO= 1739 cm-1, νCOH= 1375cm-1and νCO= 1239
cm-1. The IR spectrum of the CO region of the modified substrates shows that
heptadecanoic acid can be bound to the nickel oxide surface through physisorption or
strong hydrogen bonding and is consequently removed by sonication.

4.3.3.4.1 Tail Groups
Titanium oxide samples were modified with tetradecanedioic acid (di-COOH)
using a 1.5mM solution. After deposition, rinsing, and sonication the samples were
characterized by DRIFT. The position of the peaks corresponding to νCH2 rinsing were
νCH2 asym= 2914 cm-1 and νCH2 symm= 2847 cm-1, showing an ordered film is present. The
modification is removed after sonication in THF solution. The CO region of the diCOOH solid shows νC=O= 1688 cm-1, νCH= 1409 cm-1, and νC-O= 1219 cm-1. In contrast,
the CO region of the bound di-COOH contained stretches at νC=O= 1658 cm-1, and νCH=
1457 cm-1. The IR spectrum of the CO region of the modified substrates shows that diCOOH was bound to the titanium oxide surface in a monodentate manner. Here, the Δν
is 199 cm-1 which is considered a monodentate binding. Other functionalized molecules
did not form monolayers on the titanium oxide surface. (Table 4.5)
4.3.3.4.2 Perfluoroalkanoic
The titanium oxide surface was modified using a 1mM solution of
perfluorooctadecanoic acid (PFA) in THF. The asymmetric and symmetric CF2 stretches
are observed νCF2 asym= 1205 and νCF2 symm= 1150cm-1, respectively, showing it is bound
after rinsing in THF. The modifications were removed upon sonication in THF for 5- 10
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minutes. Upon adsorption of perfluorooctadecanoic acid on the titanium oxide surface
the stretch was shifted to νC=O = 1688 cm-1. The IR spectrum of the CO region of the
modified substrates shows that PFA was bound to the titanium oxide surface in a
monodentate manner, as evidenced by the shift of νC=O. The Δν (261 cm-1) value
measured is consistent with the formation of monodentate binding. The contact angle
measurements of the modified surface are consistent with that of a hydrophobic surface,
with a water contact angle of 116° ± 3. Reven et al. have previously modified the
titanium oxide surface using perfluorocarbon compounds.104 In their report,
perfluorocarbons are shown to be weakly bound to the titanium oxide surface. Here, we
also report that after rinsing the sample with solvent, almost all of the film is removed
and further sonication completely removes the molecules. Moreover, Reven et al.
reported a monodentate binding as compared with zirconia in which the perfluorocarbons
bind via a bidentate bond.104, 251
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Table 4.5 Summary of results of modifications performed on the titanium oxide surface.

Organic Acids

Deposition
(cm-1)

Rinsed
(cm-1)

Sonication/
Taped
-1

(cm )

Contact
angles
(degrees)

Binding

Octanoic

Not formed

Tetradecanoic

Not formed

Pentadecanoic

Not formed

Hexadecanoic

Not formed

Heptadecanoic

2917/ 2849

2918/ 2849

Octadecanoic

2915/ 2850

Removed

Nonadecanoic

2915/ 2848

12-Bromododecanoic

Not formed

12-Aminododecanoic

2920/ 2850

12-Hydroxydodecanoic

Not formed

16-Hydroxyhexadecanoic

2910/ 2846

Removed

Tetradecanedioic

2914/ 2847

2914/ 2847

Removed

75 ± 5

Monodentate

Perfluorooctadecanoic

1203/ 1149

1205/ 1150

Removed

106 ± 3

Monodentate

Monodentate/

Removed

H bonding

2915/ 2848

4.3.4 Comparison of the Stability Difference between the Metal Oxide Surfaces
One important variable in SAM formation is the effect of head group pKa. Here,
several organic acids were evaluated with sulfonic (pKa 2), phosphonic (pKa 4.5),
hydroxamic (pKa 9) and carboxylic acids (pKa= 9.5) head groups. Hydroxamic acid,
which has a pKa of approximately 928, 279-281, is more strongly bound to the surface than
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octadecanoic acid (pKa 9.5).30, 31, 294 This may be related to the resonance structure that
can be formed from the carbonyl, amine and hydroxyl groups. In our results, hydroxamic
acid is bound to nitinol and nickel oxide in a bidentate manner compared to alkanoic acid,
which mainly bound in a monodentate manner or by strong hydrogen bonding. (Figures
4.2c and 4.11c respectively) This chemical motif indicates that the hydroxamic acid is
more strongly chemisorbed, because two oxygens are used to form covalent bonds with
the surface in the hydroxamic case, which is greater energy than monodentate or
hydrogen bonding interactions. (Table 4.6)

Table 4.6 Different head groups modification on nitinol, nickel oxide and titanium oxide surfaces after
rinsed. Phosphonic acid data is shown in Chapter 3.
Metal

Octadecane

Octadecyl

Octadecane

Oxide

sulfonic

phosphonic

hydroxamic

Octadecanoic
-1

-1

-1

(cm-1)

Surfaces

(cm )

(cm )

(cm )

Nitinol

2915/ 2846

2913 / 2846

2916/ 2848

Removed

Nickel

2917 /2847

2914/ 2847

2916/ 2849

Removed

Titanium

2917/ 2845

2913/2847

2915/ 2848

removed

The phosphonic acid head group (Chapter 3) chemisorbs strongly on the metal
oxide surfaces. This may be related to the fact that phosphonates have two acid groups
from which to form bidentate bonds with hydroxyl sites on the metal oxide surfaces
compared to alkanoic or hydroxamic acids. Organic acid monolayers, such as carboxylic
and hydroxamic acids, can adsorb by hydrogen bonding, leading to weak binding on
metal oxides surfaces.295 For these oxide-methyl terminated monolayer combinations,
phosphonic acid is the only modification that remains after sonication in THF for 5-10
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minutes, heating and adhesion tests. (Table 4.7) Moreover, phosphonic acid (pKa 4.5) is
more acidic than octadecanoic or octadecanehydroxamic acids. However, sulfonic acid is
more acidic (pKa 2) than phosphonic acid and it does not survive the sonication/tape
step.296 Therefore head group pKa is not the only factor in creating a strong substratemonolayer interaction.
If we compare the bond energy between the oxygen from the surface and sulfur
from the sulfonic acid head group (S-O = 268 kJ/mol) and oxygen and phosphorus from
the phosphonic acid head group (P-O = 335 kJ/mol), the monolayers formed with
phosphonic acid would be stronger and therefore more stable on the surfaces.223

Table 4.7 Variable head groups on nitinol, nickel oxide and titanium oxide surfaces after sonication.
Phosphonic acid data is shown in Chapter 3.
Metal

Octadecane

Octadecane

Octadecyl

Oxide

sulfonic

hydroxamic

phosphonic

Octadecanoic
-1

-1

-1

(cm-1)

Surfaces

(cm )

(cm )

(cm )

Nitinol

removed

removed

2913 / 2846

removed

Nickel

removed

removed

2915 / 2848

removed

Titanium

removed

removed

2913/2847

removed
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Table 4.8 Chemical motif of the different head group on metal oxide surfaces after deposition.

Metal
Octadecane

Octadecane

Octadecyl

sulfonic

hydroxamic

Phosphonic

Nitinol

bidentate

bidentate

Monodentate

bidentate

Nickel

bidentate

bidentate

Bidentate

Bi/ monodentate

Titanium

monodentate

Hydrogen bonding

Bidentate

Monodentate/
H bonding

Octadecanoic

Oxide
Surfaces

Another variable analyzed was the metal oxide surface that was modified. The
titanium oxide surface has previously been modified using alkylphosphonic, alkanoic
acid and hydroxamic acids.15, 16, 24, 28, 42, 46, 263 Researchers have correlated the reactivity
of surfaces and organics with the isoelectric point (IEP)of the metal.28, 69, 263 The IEP is
also known as the zero point charge (ZPC) which represents the pH at which an
immersed solid oxide surface has both a zero net charge and electrically equivalent
concentrations of positive and negative complexes in a system of hydroxo complexes.297,
298

The pKa of the organic acid has to be lower than the IEP to be capable of forming

strong SAMs on the metal oxide surfaces. Here, the IEP of titanium oxide has been
reported to be 4-6.28, 297, 299, 300 Therefore, under this theory, sulfonic and phosphonic acid
are the only acids capable of forming strong and stable interactions on the titanium oxide
surface.
For nickel oxide, which is more reactive than titanium oxide, the IEP has been
previously reported to be 10-11.297, 298, 300 Therefore, the nickel oxide surface can
theoretically be modified using carboxylic, hydroxamic, sulfonic and/or phosphonic
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acids. These acids remained after rinsing with THF and have formed a bidentate bond
with the nickel oxide surface, which is considered to be stronger than monodentate
because, the organic acid is deprotonated and has formed a bond. (Table 4.8)
The final metal oxide used was nitinol which is a nickel -titanium alloy.
Phosphonic and sulfonic acids were strongly bound to the nitinol surface. However,
carboxylic and hydroxamic acids were not successfully chemisorbed on the surface.
Hydroxamic acid formed micelles that were removed after sonication. The IEP of nitinol
is unknown and is difficult to determine because one would need a salt of the alloy,
which is not available.297, 298
Another factor which may affect the formation of SAMs is the structure of the
surface and the hydroxyl content. For example, it has been demonstrated that titanium
oxide is not well-suited to form SAMs using alkanoic or hydroxamic acid, due to the
weak interaction of the molecules on the surface. The hydroxyl content of titanium oxide
is lower than other metal oxides such as aluminum and iron, which appears to increase
the difficulty of forming monolayers on the surface.26, 301 Here, metallic films of nickel,
nitinol and titanium, which spontaneously oxidize the surface under ambient conditions,
are used.179, 223, 302, 303 The crystal structure of nickel oxide is face-centered cubic.304-307
By ion scattering spectroscopy (ISS) the surface consists of 70% nickel oxide ions and
30% oxygen.308 Thirty percent of the surface oxygens are hydroxyl groups.308, 309 The
titanium dioxide surface is mainly known to be a rutile crystal structure (tetragonal unit
cell) which has less accessible oxygens on the surface and the amount of hydroxyl
content was calculated to be 16% of the total surface oxygen; the rest is in µ-oxo
groups.303, 306, 307, 310 Titanium dioxide has a higher affinity towards oxygen than nickel
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oxide and this may decrease the conversion of the oxygen to hydroxyl groups.195 The
nitinol surface has two crystal structures depending on the temperature as explained in
Chapter 1. The low temperature martensite structure, which is monoclinic, was used
here. At high temperatures the austenite structure which is a body-centered cubic
structure (CsCl) is observed. (Table 4.9)178, 179, 311 However, there are not many reports
about the oxygen content on the surface.185, 195, 202 Some researchers have reported that
the oxide layer is mainly composed of titanium oxide and the oxygen composition on the
surface was calculated to be 28-34% using X-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES) analysis.185, 198 The atomic fraction of chemisorbed
water on nitinol surface was calculated to be 35-40%, which is higher than that of the
titanium oxide surface.195, 303 The martensite structure offers the more defective surface,
and consequently, more reactive surface with a higher hydroxyl content.195 This nitinol
crystal structure may allow for more accessible oxygens and/or hydroxyl groups that can
react with an organic acid may make this alloy more reactive than the pure titanium or
nickel oxide surface. (Figure 4.16)

Table 4.9 Unit cell and structures of NiTi and its constituents nickel oxide and titanium oxide.
Unit Cell

Crystal Structure

Cell volume/ nm3

Nickel oxide

Face-centered cubic (fcc)

0.044

Rutile-TiO2

Tetragonal

0.062

Austenite NiTi

Body-center cubic (bcc)

0.027

Matensite NiTi

Monoclinic

0.055
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a.

b.

c.

d.

Figure 4.16 Crystal structures of (a) nickel oxide, (b) titanium dioxide), nitinol structures at (c) low
temperature (martensite) and (d) high temperature (austenite).192, 310

4.3.5 Variations of Head Group, Backbone, Chain Length, and Tail Groups
The alkyl chain can affect the stability of the monolayer through variation of
length and functionalized group. For example, in perfluoroalkanoic acid the alkyl chain
was fluorinated, which changed not only the interchain interactions, but also the acidity
of the molecules. Perfluorooctadecanoic acid has a pKa lower than 1 and octadecanoic
acid is the least acidic of the molecules used here with a pKa of approximately 9.5.30, 31,
286, 296

This difference of acidity between the octadecanoic and perfluorooctadecanoic

acids is due to the fact that as the fluorination of the alkyl chain increases the acidity by
stabilizing the deprotonated molecule. Fluorine is much electronegative than carbon,
which makes the backbone of the monolayer electron withdrawing.223, 302 The effect of
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this is seen in the stability difference of the SAMs; octadecanoic acid did not form
organic films on the metal oxides studied here whereas, perfluorooctadecanoic acid was
strongly bound to the all surfaces. Both of these organic acids have the same head group,
but its pKa is altered and the backbone interactions among the perfluorocarbons are
stronger than the alkyl chain interactions due to dipole-dipole interactions between the
chains.
The chain length was varied for all of the different organic acid head groups from
8, 11, to 18 carbons. As the chain length of the backbone of the monolayers was
increased the intermolecular interactions were enhanced and consequently, an ordering
effect is expected during the adsorption of the molecules on the metal oxide surfaces.
Therefore, short chains lead to low conformation order, resulting from the presence of
gauche defects and can lead to low quality monolayers and the formation of physisorbed
molecules that can be removed from the surface by rinsing and/or sonication in THF.245,
246, 312

Moreover, if an odd number of carbons in the alkyl chain is used, a steric

repulsion effect is observed and, therefore, a heterogeneous mixture of trans/gauche
conformation of the molecules is produced.248 Here, monolayers using 17 carbon alkyl
chain lengths were able to form monolayers and remain after rinsing with THF. However,
the molecules were removed after sonication.
When the terminal group of the octadecanoic acid was changed to carboxyl or
hydroxyl groups, the SAMs were more strongly bound to the surface than the methyl
terminated films. This is due to the hydrogen bonding that stabilizes the molecules on the
surface. The energy related to hydrogen bonding ranges from 2 to 10 kcal/mol and is
known to be the strongest of the intermolecular forces.19, 223, 313 Therefore, although the
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acidity of the organic acid is an important aspect of the SAMs formation, the
intermolecular forces are also relevant in the molecular packing and chemisorption on the
surfaces.

4.4 Conclusion
SAMs using short and long alkyl chains of organic acids were formed on the
native oxides of the titanium, nitinol and nickel surfaces. Hydroxamic, sulfonic and
alkanoic acids were used as head groups to modify the surface. Phosphonic acid
monolayers were compared to the organic acids used here and they are more reactive and
stable toward monolayer formation on metal oxides. However, functionalized
phosphonic acids are difficult to synthesize and there are many commercially available
carboxylic acid compounds which can form monolayers.
The hydrophilicity of the surfaces was controlled using hydroxyl (OH),
carboxylic acid, amino, bromo and methyl tail groups. DRIFT, contact angle, AFM and
MALDI-TOF were used to characterize the unmodified and modified surfaces. There is
not one controlling factor in monolayer formation, but a number of factors that affect
formation and stability of the monolayers.
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Chapter 5
Polystyrene Formation on Monolayer-Modified Nitinol
Effectively Controls Corrosion
5.1 Introduction
Nitinol has very desirable mechanical properties such as super-elasticity and the
shape memory effect, but is also expensive. Furthermore, current knowledge of the
corrosion behavior of nitinol inside the body is very limited and comes from studies of
dental arch wires under in vitro conditions.167, 198 An ongoing concern with nitinol is the
release of nickel ions into the body through corrosion, which may lead to allergic, toxic
and carcinogenic effects associated with the biological properties of nickel.166, 178, 179, 202
The native nickel oxide (NiO), which makes up 50% of the nitinol surface, is also much
more likely to dissolve in the human body than the native TiO2 titanium (which makes up
50%) because it is not as stable.167, 179 Therefore, it is essential to characterize nitinol’s
corrosion resistance in the aqueous environment of the body.201
Surface modifications of materials may be utilized to reduce the electrochemical
activity on the implant surface.194 Previously, biomaterial surfaces have been modified
by various methods, including simple polymer adsorption and covalent grafting.8, 14, 16, 24,
74, 75, 102, 163, 178, 179, 193, 230, 301

In this report, nitinol and nickel oxide surfaces were

modified using a SAM as the platform for in-situ formation and attachment of
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polystyrene on the oxide surface. Surface polymerization is a versatile means for the
molecular design of polymer surfaces to enhance their physical and chemical properties
for specific applications.314 Polymer coating is an interesting direction to explore
because polymer elasticity is compatible with that of nitinol.197 The use of monolayers as
surface-immobilized azo-initiators for in situ polymer synthesis is a significant advance
in the technology of solid surface modification and has been reported using SAMs of
thiols on gold.88, 314, 315
Here, polystyrene was synthesized on the carboxylic terminated phosphonic acid
monolayer by surface-initiated free radical polymerization (SIP) using azo-initiators on
the nitinol and nickel oxide surfaces. These polystyrene films have the potential to be
barrier layers for corrosion control.88 The modified surfaces were characterized by
infrared spectroscopy (IR), atomic force microscopy (AFM), matrix-assisted laser
desorption ionization (MALDI) mass spectrometry, and water contact angles. The
reduction-oxidation reaction at the surface was measured and compared with the bare
surface, monolayers and polymers by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS).

5.2 Experimental Section
5.2.1 Methods and Materials
Octadecylphosphonic acid (ODPA, 99.0% purity) was purchased from Alfa Aesar. 12bromododecanoic acid (97%), acetyl chloride (>99%,), triethyl phosphite (98%), 24, 49, 76,
240, 241

2,2’-Azobis(2-amidinopropane) dihydrochloride (ABAP, 97%),1-ethyl-3-(3-
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dimethylamino) propylcarbodiimide hydrochloride (EDC, 98%) and pentafluorophenol
(PFP, 99%) were purchased from Aldrich, and hydrochloric acid (Certified ACS Plus)
was purchased from Fisher Scientific. All were used without further purification. (12carboxydodecyl)phosphonic acid was synthesized as previously described.49, 76 Styrene
(99%) was purchased from Acros and was purified by extracting it three times with 0.1 M
aqueous sodium hydroxide (NaOH) and twice with Millipore water (18 MΩ·cm) and
dried over anhydrous sodium sulfate (Na2SO4) before polymerization. Nitinol foils (51%
nickel: 49 % titanium; 0.008” thickness, >99.0 % purity) were purchased from Johnson
Matthey, Inc. Nickel foils (0.25mm thickness, > 99.0 % purity) were purchased from
Goodfellow Inc.
5.2.2 Preparation of the Substrates
Substrates were cut into 1 x 1 cm squares, sanded (220, 320 and 400 grit
sandpaper) and then polished (Buehler Ecomet 4 mechanical polisher) using sandpaper
of 400, 800, 1200 grits and 1μm diamond suspension. The substrates were rinsed with
acetone and methanol and cleaned by ultrasonication in acetone for 1 hour. The
substrates were then rinsed with acetone and stored in the oven at 90° C for 30 minutes –
1 hour. The substrates were rinsed again and stored under vacuum overnight (0.1 Torr).
5.2.3 Formation of Monolayers
Monolayers were formed by spraying a solution of phosphonic acid in dry
tetrahydrofuran (THF) (distilled over Na and stored under argon) using a thin layer
chromatography (aerosol; Sigma-Aldrich) sprayer with a nitrogen gas stream. A 0.50mM
solution of (12-carboxydodecyl) phosphonic acid was used to spray the samples. The
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substrates were allowed to dry at room temperature and then rinsed with THF for 15
minutes. The samples were stored under vacuum overnight (0.1 Torr).
Octadecylphosphonic acid (ODPA) monolayers were prepared as previously explained14
(Chapter 3).
5.2.4 Covalent Immobilization of Free Radical Initiator onto a Reactive SAM on the
Surfaces
Carboxylic acid-terminated phosphonic monolayers were treated with 0.1 M 1ethyl-3-(3-dimethylamino) propylcarbodiimide (EDC) and 0.2 M pentafluorophenol
(PFP) in methanol for 45 minutes to convert the carboxylic acid groups to
pentafluorophenyl esters.88 Then, the samples were treated with a 10 mM solution of
2,2’-Azobis(2-amidinopropane) dihydrochloride(ABAP) in methanol for 2.5 hours.
5.2.5 Surface-Initiated Polymerization of Polystyrene
The ABAP grafted samples were placed in a deoxygenated Schlenk tube. A
degassed mixture of styrene and toluene (1:1 v/v) was transferred into the Schlenk tube.
Polymerization was carried out by heating the Schlenk tube (90

C), under nitrogen

atmosphere, for 24 hours. Afterwards, the samples were rinsed in toluene for 22 hours
and then put under vacuum overnight (0.1 Torr).

5.2.6 Characterization of the Monolayers
5.2.6.1 DRIFT
The substrates were studied using Diffuse Reflectance Infrared Fourier Transform
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Spectroscopy (DRIFT). DRIFT was used to analyze the alkyl chain ordering bonding
mode of the molecules and monitor the reaction on the surface.
5.2.6.2 Contact Angle
The contact angle measurements were used to analyze the hydrophobicity of the
surface. Advancing angle measurements were taking on the monolayer and the
polystyrene film.
5.2.6.3 AP MALDI-TOF MS
Atmospheric pressure matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (AP MALDI-TOF MS) was used to characterize each step of the
surface modification. MALDI-TOF MS has been used has been used to characterize
polymers and for characterization of interfacial reactions on SAMs.96 MALDI
preparation was done by dried-drop method in which a 1μL aliquot of the matrix solution
was dropped onto each of the metal surfaces previously modified with organic thin films
and then dried at room temperature as explained previously95 (Chapter 2).
5.2.6.4 AFM
Atomic force microscopy (AFM) was used to analyze the surface before and after
the formation of the polymer film. AFM imaging (Molecular Imaging, Pico SPM) of the
samples was performed in non-contact mode at ambient conditions using silicon tips with
a resonance frequency of 182-195 kHz and a force constant of 42-48 N/m.
5.2.6.5 Electrochemical Characterization
Electrochemical measurements were carried out on a Bioanalytical Systems
(BAS) model CV-50W. Voltammograms were recorded with a standard three-electrode
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system consisting of nitinol as the working electrode with a 0.8 cm2 exposed area, a
saturated calomel electrode (SCE) as the reference electrode and a Pt-wire auxiliary
electrode. Characterization was performed in a 0.1M NaOH aqueous solution after the
samples were in solution 30 minutes with a potential scan ranging from -0.3 to +0.7 V at
50 mV s- 1scan rate for the nitinol substrates and scan ranging from -0.3 to +0.6 V for the
nickel oxide substrates. Using the same three-electrode system, the current density was
measured using an EG&G Princeton Applied Research scanning potentiostat Model 362
and was plotted using an EG&G Princeton Applied Research (Houston Model RE0074)
X-Y recorder and a 169 Keithley multimeter with y scale 2.5 mA, a current at 10mA at
10 mV s- 1scan rate.
The Electrochemical Impedance Spectroscopy (EIS) measurements were
performed at the corrosion potentials in the frequency range from 0.1 Hz to 300 kHz with
5 points per decade. The sinusoidal perturbation signal’s amplitude was 10 mV at
corrosion potential. The impedance data were analyzed with Gamry Framework v5.30
software using a Gamry Instruments FAS2 Femtostat potentiostat.

5.3 Results and Discussion
Functionalized carboxylic acid-terminated phosphonic acid monolayers (COOHPA) were used to immobilize styrene on nitinol and nickel oxide surfaces as shown in
Figure 5.1.
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Figure 5.1 Schematic of surface-initiated free radical polymerization of styrene on nitinol and nickel oxide
surfaces.

The nitinol surface was modified with carboxylic acid-terminated phosphonic
acid monolayers and characterized by IR, MALDI-TOF and contact angles as reported
previously.14 First, the nitinol surface was modified with carboxylic acid-terminated
phosphonic acid monolayers and characterized by IR, MALDI-TOF and contact angles as
reported previously (Chapter 3).14 The monolayers were ordered on the nitinol surface
with peaks corresponding to νCH2 asym = 2910 cm-1) and νCH2 sym = 2846 cm-1 indicating
that the monolayers are highly ordered to the surface.14 The carbonyl region in the IR
was analyzed and a peak at 1691 cm-1, which corresponds to the νC=O of free carboxylic
acid was observed.49, 76 The carbonyl peak of the solid compound is seen at 1684 cm-1
(Figure 5.2a-black spectra). To study the reactivity of the carboxylic acid moiety towards
nitinol and rule out any possibility of looping (both carboxylate and phosphonate groups
chelating tothe surface), octadecylcarboxylic acid was deposited under the same
conditions, and no evidence of film formation was seen in the IR spectrum. Therefore, a
looping reaction between the carboxylic acid tail and the surface was ruled out due to the
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observation of the free carboxylic acid peak in the IR spectrum and the lack of reactivity
between octadecylcarboxylic acid and nitinol.
The modification of the nitinol surface was also studied by MALDI-TOF. For the
MALDI-TOF analysis, the samples were spotted with the matrix CHCA by the dried drop
method and let them dry at room temperature. This procedure leads to the formation of
uniform crystals on the sample which makes it easier to desorb and ionize the matrix and
the analyte.95 The positive ion spectra of COOH-PA monolayers reveals a peak at m/z
303.137 corresponding to a sodiated COOH-PA monomer.14 Moreover, the dimer peak
was not detected by MALDI-TOF and therefore, a monolayer was formed on the nitinol
surface.15
The carboxylic acid tail group was then allowed to react with pentafluorophenol
(PFP) in 1-ethyl-3-(3-dimethylamino) propylcarbodiimide (EDC) (step A). The
carbodiimide is used to activate the carboxylic acid towards an amide formation. Then,
(step B) the azo initiator 2,2’-Azobis(2-amidinopropane) (ABAP) was allowed to react
with pentafluorophenol as a nucleophile forming an amide bond. Finally, in step C,
styrene is added to the solution and polymerized by free radical polymerization.88 The
organic were analyzed by IR and MALDI-TOF. The resulting polystyrene on the
surfaces was also analyzed by IR, AFM images and contact angles measurements.
5.3.1 Nitinol Surface
The carboxylic acid tail group was then treated with pentafluorophenol (PFP) in
1-ethyl-3-(3-dimethylamino) propylcarbodiimide (EDC) (Step A). The carbodiimide is
used to activate the carboxylic acid towards an amide formation for 45 minutes at room
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temperature to form a pentafluorophenyl ester. PFP was chosen over Nhydroxysuccinimide ester because previous reports have suggested that the
pentafluorophenyl esters are more reactive.88, 316 The PFP/ EDC reaction on the
monolayers was analyzed by IR (Figure 5.1, Structure 2). Peaks in the spectra were
attributed to νC=O = 1689 cm-1, νC-C = 1624 (which are characteristic of an aromatic ring),
νC-O = 1283 cm-1, and νC-F = 992 cm-1 (Figure 5.2b).
The pentafluorophenyl ester phosphonic acid monolayer was then treated in Step
B (Figure 5.1) with 10mM 2,2’-azobis(2-amidinopropane) dihydrochloride (ABAP)
solution for 2.5 hours at room temperature. This reaction leads to the formation of an
amide bond between the ester and the amine and an azo radical initiator at the terminus of
the monolayer. Figure 5.2c shows the IR spectrum for this modification. The ABAP
formation on the nitinol surface is indicated by peaks corresponding to νNH2 = 3147 cm-1
and ν-C=NH at 3051 cm-1. A peak at 1689 cm-1 is attributed to νC=O, and a νC-H bend at 1406
cm-1and νC-N at 1202 cm-1 can also be observed. The peak characteristic of C-F stretching
around 1000 cm-1 has disappeared from the IR spectra as expected due to the
immobilization of ABAP on the surface (Figure 5.1, Step 3).
MALDI-TOF analysis of the resulting monolayer showed a peak at m/z 463.250
(Figure 5.3). The new peak represents the protonated form of Structure 3 (Figure 5.1)
(MW of Structure 3 = 462.31 g/mol).
The ABAP modified monolayers were used to polymerize styrene on the nitinol
surface in Step C. The ABAP samples were transferred to a tube with styrene and
toluene heating the reaction up to 90ºC to initiate the polymerization. After 24 hours of
reaction, the samples were rinsed with toluene for 20-22 hours to eliminate physisorbed
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polymer from the surface and then stored under vacuum overnight. The polystyrene
modified substrates were analyzed by IR and the spectra contained peaks corresponding
to νC-H aromatic ring = 3025 cm-1, methylene νC-H asym = 2923 cm-1 and νC-H sym = 2849 cm-1,
νC-C aromatic ring = 1600 cm-1 and 1491 cm-1, νC-H bend = 1449 cm-1, and νC-H aromatic
combination bands between 2000-1660 cm-1 (Figure 5.2d). These peaks are
characteristic of styrene on a modified surface and have been reported on iron oxide
nanoparticles and gold substrates.88, 317-319 Therefore, it was concluded that a carboxylic
acid-terminated phosphonic acid monolayer was formed on the nitinol surface and used
as a platform for the polymerization of styrene by azo radical initiator as observed by
infrared spectroscopy. As a control, unmodified nitinol surfaces were placed in the
polymerization reaction with styrene and toluene. Subsequently, the adsorbed polystyrene
film was removed by rinsing with toluene, as confirmed by IR.
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Figure 5.2 IR spectra of the modifications steps in SIP on Nitinol: a) IR of carboxylic acid region of the
carboxylic-terminated phosphonic acid modified sample (red spectra) and the solid 12carboxydodecylphosphonic acid (black spectra) ( 1) b) PFP/EDC on the monolayer ( 2), c) ABAP radical
initiator formation on the monolayer ( 3), d) Polystyrene film formation by SIP after 24 hours and then
rinsed with toluene for 20-22 hours ( 4).
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Table 5.1 Summary of IR data of all the modifications on the NiTi surface
Frequencies (ν) cm-1

Functional groups/assignments

Modification

1662, 1689

Carbonyl group, C=O

PFP/EDC, ABAP

992

C-F

PFP/EDC

1283

C-O

PFP/EDC

1624, 1496

C-C aromatic ring

PFP/EDC, PS

3025, 2000-1660

C-H aromatic ring

PS

1201

C-N

ABAP

3266, 3147

NH amine/amide

ABAP

3147

C=NH

ABAP

1689

(-C=N-)

ABAP

1689

(-N=N-)

ABAP

2923 and 2849

-CH2 asym/sym

PS

40
35

Rel. Int. (%)

30
25

Structure 3 + H+

20
15
10
5
0
456

458

460

462

464

466

468

470

472

474

m /z , a m u

Figure 5.3 Sample MALDI-TOF spectra of structure 3 on the nitinol surface shows mass peaks at m/z
463.250

AFM images were collected of the surface before and after the polymerization
with styrene. The samples were scanned over 1µm2 region. The morphology of the
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surface changed noticeably. It was observed that the control sample had lines on the
surface created by the polishing. However, the modified polystyrene surface was covered
by organic and the lines are no longer visible. The polymer surface did contain holes as
previously observed in this type of polymerization due to benzene ring packing.116 The
nitinol control sample had an average rms roughness of 14Å (Figure 5.4a). The
polystyrene samples had a smaller rms roughness than the bare surface with an rms
roughness of 4Å (Figure 5.4b).
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Figure 5.4 (a) AFM image of clean Nitinol (rms roughness =14Å), (b) after modified with polystyrene
coating and rinsed with toluene (rms roughness = 4Å) in topography and amplitude

Wettability is a critical factor for applications such as coatings, sensors and
biomedical implants because this may increase the biocompatibility by decreasing the
cell and protein adhesion on the material surfaces.116, 320, 321 Sessile water contact angles
of the advanced angle were measured and the resulting averages with their standard
deviation. Carboxylic acid-terminated phosphonic acid monolayers yielded a hydrophilic
surface with a value of 42 ± 2º.14 When the surface was polymerized using styrene a
hydrophobic surface was achieved with a contact angle value of 103 ± 4º. (Figure 5.5)
As expected, the wettability of the surface was varied from a hydrophilic to a
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hydrophobic surface by the SIP technique in which styrene was immobilized on the
surface.
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Figure 5.5 Contact angle values of the primary modifications on the nitinol surface

5.3.2 Nickel Oxide Surface
The nickel oxide surface, a major component of the nitinol oxide surface (49%)
was modified with carboxylic acid-terminated phosphonic acid monolayers. A DRIFT
spectrum of 12-carboxydodecanephosophonic acid is shown in supporting information.
The monolayers were ordered on the nickel oxide surface with peaks corresponding to
νCH2 asym = 2916 cm-1 and νCH2 sym = 2848 cm-1 after rinsing with THF, indicating that the
monolayer is strongly bound. (Figure 5.6a) There was no evidence in the IR of looping
by the carboxylic acid tail group. The carbonyl area of the COOH-PA was analyzed by
IR showing a peak at 1703 cm-1 corresponding to the carbonyl peak (C=O) of the
carboxylic acid tail group. Furthermore, MALDI-TOF was used to characterize this
functionalized surface. Analysis of the SAMs using MALDI-TOF reveals a peak at m/z
303.143 corresponding to the sodiated (12-carboxydodecyl) phosphonic acid monomer.
(Figure 5.7a) The inclusion of this peak and the lack of dimer peak indicate that a
monolayer is present on the surface. Then SIP of styrene was then successfully
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performed on the monolayers as above.
The carboxylic acid terminated monolayers were allowed to react with
pentafluorophenol (PFP) using EDC (Figure 5.1, structure 2). The PFP immobilization
on the monolayers was analyzed by IR and the spectrum contained peaks at νC=O = 1662
cm-1, νC-C = 1561 and 1495 cm-1 (characteristic of aromatic ring), νC-O = 1252 cm-1, and
aliphatic νC-F = 979 cm-1 (Figure 5.6b).
The ABAP was treated with the pentafluorophenyl ester monolayer and spectral
results of this modification step can be seen in the Figure 5.2c. The ABAP formation on
the nickel oxide surface shows the appearance of the peaks corresponding to –NH2
stretch at 3128 cm-1, a -C=NH stretch at 3045 cm-1, a peak at 1681 cm-1 that can be
attributed to open-chain imino (-C=N-) stretch, a carbonyl stretch, a secondary amine NH bend or an open-chain azo (-N=N-) based on the structure of ABAP. Also, a
methylene bend at 1481 cm-1and a C-N stretch at 1202 cm-1 appeared in the spectrum
(Figure 5.2). The peak characteristic of the C-F bond around 1000 cm-1 has disappeared
from the IR spectra as expected due to the further reaction with ABAP on the surface
(Figure 5.1, structure 3). MALDI-TOF analysis on the modification shows a peak at m/z
463.250 which corresponds to protonated ABAP (Figure 5.7b).
The ABAP modified monolayers were used to further form polystyrene on the
nickel oxide surface by surface-initiated polymerization in step C. The polystyrene
synthesis was analyzed by IR after rinsing with toluene for 20-22 hours showing peaks
corresponding to νC-H aromatic ring at 3058 cm-1, methylene νC-H asym at 2921 cm-1 and νCH asym

at 2849 cm-1, νC-C from aromatic ring at 1600 cm-1 and 1491 cm-1, methylene νC-H

bend at 1449 cm-1, and νC-H aromatic combination bands at 2000-1660 cm-1(Figure 5.2d).
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Based on these spectral results, carboxylic acid-terminated phosphonic acid monolayers
were formed on the nickel oxide surface and used as a platform for the polymerization of
styrene by an azo radical initiator as observed by infrared spectroscopy.
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Figure 5.6 IR spectra of the steps in SIP on the nickel oxide surface: a) IR spectra of (12carboxydodecyl)phosphonic acid on nickel oxide surface after rinsing with THF b) PFP/EDC on the
monolayer, c) ABAP radical initiator formation on the monolayer, d) Polystyrene film formation by SIP
after 24 hours and then rinsed with toluene.

139

a.

b.

100

40

80

60

COOH-PA + H+

40

Rel. Int (%)

Rel. Int (%)

30

Structure 3 + H+

20

10
20

0

0
296

298

300

302

304

306

308

310

312

314

456

458

460

m/z, amu

462

464

466

468

470

472

474

m/z, amu

Figure 5.7 (a) MALDI-TOF spectra of the monomer region of (12-carboxydodecyl)phosphonic acid SAMs
on nickel oxide surface at m/z 303.143, (b) MALDI-TOF spectra of the ABAP on nickel oxide surface
shows mass peaks at m/z 463.250

The contact angles of the bare nickel oxide surface, COOH-PA SAMs and the
polystyrene were compared. Carboxylic acid-terminated phosphonic acid monolayers
yielded a hydrophilic surface with a value of 59 ± 8º. When the surface was polymerized
to styrene a hydrophobic surface was achieved with value of 103 ± 6º (Figure 5.8).
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Figure 5.8 Contact angle values of the primary modifications on the nickel oxide surface.

5.3.3 Electrochemical Stability
The capability of the modifications to reduce electrochemical activity on the
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surface was studied. Electrochemical techniques such as electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) are suitable techniques for monitoring
electrochemical reactions at the modified surfaces and both were utilized here.62, 63 The
results of these techniques are always based on the comparison of the results obtained
with unmodified and modified electrode substrates.62, 63, 139, 322 The nitinol substrates
were placed in a 0.1M NaOH solution and the potential was scanned from -300 to +700
mV at a scan rate of 50 mV·s-1 in solution, which are typical conditions for these studies.
Nickel oxide substrates were scanned from -300 to +600 mV in solution using the same
conditions as nitinol surface.154, 203, 237 For comparison, the cyclic voltammogram (CV)
of a cleaned but atmospherically oxidized nitinol surface (Figure 5.9a, black line) is
superimposed on those of a COOH-PA modified surface (Figure 5.9a, red line),
octadecylphosphonic acid (ODPA) monolayers (green line), and a polystyrene film
(Figure 5.9a, blue line). During the anodic potential sweep, the clean nitinol and nickel
oxide surfaces have a peak at a potential of +0.4 to +0.5 V assigned to the oxidation of
the nickel oxide and nickel hydroxide.203, 237 Compared with the cyclic voltammetry of
the bare nitinol surface, the oxidative peak height of the cyclic voltammograms for the
nitinol modified with the monolayer is reduced and the height is dramatically reduced for
polystyrene modified substrates (Figure 5.9a). This indicates that the oxidation process is
inhibited by the self-assembled monolayers and this reduction is enhanced with the
polymer film formation on the surface of nitinol. The samples were scanned five times
with no change in the size of the oxidation peak indicating that the films are stable and
resistant to electrochemical oxidation. The decreased height observed in the peak current
for the oxidation/reduction reaction is related to the fractional coverage of the
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modifications, θiCV. Assuming that diffusion to uncovered parts of the electrode is
linear:7, 63, 323

⎛ ip mod ification ⎞
θ CV = 1 − ⎜⎜ bare ⎟⎟
⎠
⎝ ip
i

(1)

were ipbare is the peak current measured at the bare surface and ipmodification is the peak
current measured in the same conditions at the modified samples. The surface coverage
of the COOH-PA monolayers was θiCV=0.66, ODPA monolayers θiCV=0.67 and for the
polystyrene coating was θiCV=0.97.
Based on the cyclic voltammograms collected, the calculated current-potential
intensity relations are presented. The bare nitinol surface reached a current density of
bare nitinol surface was measured to be 0.11 mA/cm2. The maximum current density
reached for the modified surfaces were 0.06 mA/cm2 for COOH-PA and ODPA
monolayers and 0.01 mA/cm2 for the polystyrene modified surface (Figure 5.9b).
Voltammetry of the latter consists mainly of charging current indicating that this film
effectively blocks electron transfer at the electrode interface.
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Figure 5.9 (a) Cyclic voltammograms for the bare nitinol electrode (black line), modified with COOH-PA
monolayers (red line), ODPA monolayers (green line) and modified with polystyrene film (blue line) (b)
Current density measurements for the bare nitinol electrode (black line), modified with COOH-PA
monolayers (red line), ODPA monolayers (green line) and modified with polystyrene film (blue line) (c)
Nyquist plot of bare nitinol surface (black line) modified with COOH-PA monolayers (red line), ODPA
monolayers (green line) and modified with polystyrene film (blue line).

Electrochemical impedance spectroscopy (EIS) provides an effective method for
measuring the resistance against the transfer of ionic species to the underlying metal
surface and has been widely used to evaluate the barrier properties of SAMs.62, 135-139, 146,
149, 151, 260, 262, 324

The charge-transfer resistance (RCT) of a coating on the substrate is a

measure of the coating’s ability to act as a barrier to the corrosion process, and its
magnitude is approximately equal to the diameter of the capacitive loop.136, 151, 260, 324
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The Nyquist plots of bare nitinol and nitinol modified with COOH-PA, ODPA and
polystyrene film in 0.1 M NaOH solution are shown in Figure 5.9c. When comparing the
modifications to the bare nitinol surface, the size of the Nyquist impedance semicircles of
the polystyrene film coated nitinol electrodes were larger than those of the COOH-PA or
ODPA modified nitinol. This indicates that the polystyrene modification forms a better
barrier to surfa oxidation-reduction reactions than the monolayers for the nitinol surface.
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Here, the value of RCT control of the bare nitinol surface was 5.9 x 103 Ω cm2 (Figure

5.9c black line). As shown in Table 5.2, the average RCT for the polystyrene film is 102
times greater than the COOH-PA monolayer and has an excellent capacity for blocking
electrode reactions.
The magnitude of the charge-transfer resistance can be related to the coverage of
the electrode by assuming that electron-transfer reactions occur only at bare spots on the
electrode surface and that diffusion to these defect sites is planar.63 The protection
efficiency (PE) of a film can be calculated by comparing the RCT of the bare surface (RCT
bare)

and of the modified surfaces (RCT mod) in corrosive solution. Using a 0.1 mM NaOH

aqueous solution,136, 260 a PE value was calculated using the following equation:136, 139, 260

PE (%) =

R CT mod − R CTbare
× 100%
R CT mod

(2)

where RCT mod was the transfer resistance of electrons of the modified surfaces and RCT bare
the charge-transfer resistance for the bare surface in a corrosive solution. Table 5.2 lists
the RCT and PE values of COOH-PA, ODPA monolayers and polystyrene film. This data
shows that the PE significantly increased to 99.4% for the polystyrene modified the
nitinol surface. The polystyrene film on the nitinol surface is effectively blocking the
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electron transfer and therefore protecting the surface. The PE value of COOH-PA and
ODPA monolayers is 42% and 46% respectively.
Similar results were obtained for nickel oxide and its modified substrates. The
protection efficiency of COOH-PA and ODPA monolayers on nickel oxide were
calculated to be 27% and 45%,10 respectively, by EIS. The polymer modified substrate
had a PE of 71% and a θiCV =0.96 (Figure 5.10, Table 5.2). Previously, a phosphonic acid
modified iron surface was reported to have slightly higher (51%) PE than the monolayers
reported here. However, diphosphonic acid molecules were used which can increase the
corrosion barrier due to the formation of a multilayers on the iron surface.137, 262
Polystyrene grafted onto a gold surface, without using SAM linkers, was shown to have
a surface fraction coverage of θ = 0.91.325 Therefore, our protection efficiency values of
the monolayer and polystyrene films on nitinol and nickel oxide are comparable to or
better than those reported by others.325
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Table 5.2 Summary of impedance parameters obtained by nitinol and nickel oxide modified
RCT (Ω cm2)

PE (%)

θiCV (%)

Bare nitinol

5.9 x 103

__

__

COOH-PA on nitinol

1.0 x 104

42.0

66.0

ODPA on nitinol

1.1 x 104

46.0

67.0

Polystyrene on nitinol

1.0 x 106

99.4

99.0

Bare nickel oxide

1.3 x 104

__

__

COOH-PA on nickel oxide

1.9 x 104

27.0

11.0

Polystyrene on nickel oxide

4.6 x 104

71.0

96.0

The study carried out here demonstrated that the polystyrene film forms an
excellent, stable barrier to electrochemical oxidation of the surface, most likely due to its
ability to act as a hydrophobic barrier.117, 322, 326 However, it is interesting to compare the
fractional coverage estimated by the two techniques, EIS (PE) and CV (θiCV). Although
the estimation of the fractional surface coverage follows the same qualitative trend using
both techniques, the actual values varied. The low values estimated by cyclic
voltammetry can be attributed to the dominance of radial diffusion near each defect
site.63, 323 According to assumptions of the microarray model, 55, 142 if the radial diffusion
to micropores is occurring, then the peak current observed is not a simple function of the
exposed area of the SAM-coated electrode, as is assumed in Equation 1.55, 142 Further,
Finklea has established that pinholes that nonuniform radii and separation of the pinholes
affects the accuracy of the value obtained from Equation 1.55, 142 Due to the limitations of
cyclic voltammetry, the protection efficiency calculated by impedance spectroscopy is
the most widely used method to estimate the fractional coverage at the equilibrium
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potential by measuring the charge-transfer resistance.7, 63, 134-136, 139 The charge transfer
resistance is a function of both the coverage and the pinhole parameters.62, 63, 144, 323, 327

5.4 Conclusions
A polystyrene film was synthesized on the nitinol and nickel oxide surfaces
utilizing carboxylic acid terminated phosphonic acid monolayers as covalent linkers
between the polymer and oxide surfaces. This was achieved through surface-initiated
free radical polymerization using an azo-initiator. The modifications on the surfaces
were characterized by IR, MALDI, AFM and contact angle measurements. The integrity
and properties of the polystyrene and monolayer modifications have been evaluated by
electrochemical characterization. Results obtained support the conclusion that
polystyrene behaves as a better insulator and corrosion barrier than the methyl and
carboxyalkylphosphonic acid monolayers. The excellent protection efficiency and
stability of this system may allow it to serve as a model system for future corrosion
inhibition and/or layered film studies on alloys. The holes in the polystyrene film may
limit the use of the film as a long term corrosion barrier because the holes may serve as
points of entry for water or other deleterious chemicals to the surface which could cause
removal or deterioration of the film.
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LIST OF ABBREVIATIONS

ABAP 2,2’-Azobis(2-Amidinopropane) Dihydrochloride
AFM Atomic Force Microscopy
Ag Silver
AP MALDI-TOF MS Atmospheric Pressure Matrix Assisted Laser Desorption
Ionization-Time of Flight Mass Spectrometry
Au Gold
Auger Electron Spectroscopy AES
BPA Butylphosphonic Acid
CHCA α-Cyano-4-Hydroxycinnamic Acid
COOH-PA 12-Carboxydodecylphosphonic Acid
CV Cyclic Voltammetry
Da Daltons
di-COOH Tetradecanedioic acid
di-PA 1,12 Dodecyldiphosphonic Acid
DRIFT Diffuse Reflectance Infrared Fourier Transform Spectroscopy
EDC 1-Ethyl-3-(3-dimethylamino) Propylcarbodiimide
EI MS Electron Ionization Mass Spectrometry
EIS Electrochemical Impedance Spectroscopy
FTIR Fourier Transform Infrared Spectroscopy
HDCA Heptadecanoic Acid
IR Infrared Spectroscopy
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ISS Ion Scattering Spectroscopy
LB Langmuir-Blodgett films
NiO Nickel Oxide
NiTi Nitinol
NMR Nuclear Magnetic Resonance Spectroscopy
ODHA Octadecanehydroxamic Acid
ODPA Octadecylphosphonic acid
ODSA Octadecanesulfonic Acid
16-OH 16-Hydroxyhexadecanoic Acid
OH-PA 11-Hydroxyundecylphosphonic Acid
OPA Octylphosphonic acid
OTS Octadecyltrichhlorosilane
PE Protection Efficiency
PEO Poly(ethylene Oxide)
PFA Perfluorooctadecanoic Acid
PFP Pentafluorophenol
Rct Charge Transfer Resistance
rms root-mean-square-roughness
SAMs Self-Assembled Monolayers
SIP Surface-Initiated Free Radical Polymerization
SPR Surface Plasma Resonance
STM Scanning Tunneling Microscope
THF Tetrahydrofuran
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TiO2 Titanium dioxide
TOF-SIMS Time-of-flight secondary ion mass spectrometry
UPA Undecylphosphonic Acid
XPS X-ray Photoelectron Spectroscopy
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